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Tato práce pojednává o zásobování skautského tábora užitkovou vodou 
z Trusovického potoka. Zásobování je prováděno vodním trkačem, jehož 
konstrukce je značně zjednodušena a sestavena pouze z dostupných tvarovek 
a armatur. Vodní trkač čerpá vodu do zásobní nádrže, odkud je voda vedena 
gravitačně do spotřebiště. Zásobení tábora vyhovuje. Provozní charakteristiky 
vodního trkače byly měřeny na měrné trati v laboratoři.  
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ABSTRACT  
This work is dealing with water supply of a scout camp from Trusovický potok. The 
water is pumped with a ram pump to the water tank. The construction of the ram 
pump is simplified and it is collected from commonly available fittings and fixtures. 
The water from the tank is distributed by pipe network gravitationaly. Operating 
charakteristics of the hydraulic ram pump were measured in the laboratory.  
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❜❡♠ ♣♦③♠➙♥➙♥❛✳ ❱ ♣rá❝✐ ❥s♦✉ ✉✈❡❞❡♥② t➦✐ r♦③♠➙r② tr❦❛↔➲✱ ❦t❡ré ❜②❧② s❡str♦❥❡♥② ❛ ♥ás❧❡❞♥➙ ❞✈➙ ③ ♥✐❝❤
♣♦✉➸✐t② ♣r♦ ③ás♦❜❡♥í t➦í ❧♦❦❛❧✐t s❦❛✉ts❦ý❝❤ tá❜♦r➲✳
❉❛❧➨í ♥❡♠é♥➙ ❞➲❧❡➸✐t♦✉ ↔ástí ❥❡ s❛♠♦t♥é ③ás♦❜♦✈á♥í tá❜♦r❛ ✈♦❞♦✉✳ ❚á❜♦r ③ ❤②❣✐❡♥✐❝❦é❤♦ ❤❧❡❞✐s❦❛
s♣❛❞á ♣♦❞ t③✈✳ ✒③♦t❛✈♦✈❛❝í ❛❦❝✐✑✱ ❦❞❡ ♠✉sí ❜ýt s♣❧♥➙♥② ✉r↔✐té ❤②❣✐❡♥✐❝❦é ♣♦❞♠í♥❦②✳ ❯➸✐t❦♦✈á ✈♦❞❛ ♠✉sí
❜ýt t❡❞② ♣➦✐✈❡❞❡♥❛ ❞♦ tá❜♦r❛ ♥❛ ✈ýt♦❦♦✈é ❦♦❤♦✉t② ❛ t❛❦é ❞♦ ❦✉❝❤②➡s❦é❤♦ ❞➦❡③✉✳ ❙♣r❝❤❛ ♥❛ tá❜♦➦❡
♥❡♥í ♥✉t♥á✱ ♣♦❦✉❞ ú↔❛st♥í❝✐ tá❜♦r❛ ♥❛✈➨tí✈í ❛❧❡s♣♦➡ ❥❡❞♥♦✉ tý❞♥➙ ✈❡➦❡❥♥é ❦♦✉♣❛❧✐➨t➙✳ P✐t♥á ✈♦❞❛ ♠✉sí
❜ýt ❞♦✈á➸❡♥❛ ③ ♣➦❡❞❡♠ ♦✈➙➦❡♥é❤♦ ③❞r♦❥❡ ✭ú♣❧♥ý r♦③❜♦r ✈♦❞②✮ ♥❡❜♦ ♣➦í♠♦ ③ ✈♦❞♦✈♦❞♥í❤♦ ➦❛❞✉✳ ❱ ♦❜❝✐
❍♦r♥í ❧♦❞➙♥✐❝❡ ❥❡ s❦✉♣✐♥♦✈ý ✈♦❞♦✈♦❞✱ ❦t❡rý ❥❡ ♣r♦✈♦③♦✈á♥ ❛❦❝✐♦✈♦✉ s♣♦❧❡↔♥♦stí ▼♦r❛✈s❦á ✈♦❞ár❡♥s❦á✱
❛ ♦❞t✉❞ ❥❡ t❛❦é tá❜♦r ③ás♦❜❡♥ ♣✐t♥♦✉ ✈♦❞♦✉✳
❉♦♣♦s✉❞ ♠➙❧ tá❜♦r ③ás♦❜♦✈á♥í ✈②➦❡➨❡♥♦ ♣♦✉③❡ ♣♦♠♦❝í r✉↔♥í❤♦ ❦➦í❞❧♦✈é❤♦ ↔❡r♣❛❞❧❛ ♦❞ ✜r♠② ❙■●▼❆
❛ ③ás♦❜♥í ♥á❞r➸❡ ♦ ♦❜❥❡♠✉ ✸✵✵ ❧✳ ❷❡r♣á♥í ✉➸✐t❦♦✈é ✈♦❞② ❜②❧♦ ♥ár♦↔♥é ❛ ③❞❧♦✉❤❛✈é✳
❖❜rá③❡❦ ✶✳✶✿ ❙✐t✉❛❝❡ ➨✐r➨í❝❤ ✈③t❛❤➲ ❬③❞r♦❥✿ ✇✇✇✳♠❛♣②✳❝③❪
✶✳✶ ❈í❧❡ ♣rá❝❡
❍❧❛✈♥í♠ ❝í❧❡♠ ❥❡ ③✈❧á❞♥♦✉t ③ás♦❜♦✈á♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ✉➸✐t❦♦✈♦✉ ✈♦❞♦✉ ♣♦♠♦❝í ✈♦❞♥í❤♦ tr❦❛↔❡✳
❱♦❞♥í tr❦❛↔ s❡ t❡❞② ♠✉sí ♥❛✈r❤♥♦✉t t❛❦✱ ❛❜② ↔❡r♣❛❧ ✉➸✐t❦♦✈♦✉ ✈♦❞✉ ❞♦ s❦❛✉ts❦é❤♦ tá❜♦r❛✱ ❥❡❤♦➸
❦❛♣❛❝✐t❛ ❥❡ ✻✵ ♦s♦❜✳ P♦t♦↔♥í ✈♦❞❛ ❜✉❞❡ ↔❡r♣á♥❛ t❛❦✱ ❛❜② ❜②❧② ③♣r♦✈♦③♥➙♥② ✈❡➨❦❡ré ♦❞❜➙r♥é ♦❜❥❡❦t②
✈ tá❜♦➦❡ ✭s♣r❝❤❛✱ ✉♠ý✈ár♥❛ ❛ ❞➦❡③✮✳ Pr♦ ③❛❥✐➨t➙♥í ♣❧②♥✉❧é❤♦ ♦❞❜➙r✉ ✈♦❞② ♥❛ ✈ýt♦❦♦✈ý❝❤ ❦♦❤♦✉t❡❝❤
❜✉❞❡ t➦❡❜❛ ♥❛✈r❤♥♦✉t ❞♦st❛t❡↔♥➙ ❦❛♣❛❝✐t♥í ③ás♦❜♥í ♥á❞r➸✳
❏❛❦♦ ♣r✈♥í ❞í❧↔í ❝í❧ ❜②❧♦ ③✈♦❧❡♥♦ st❛♥♦✈❡♥í ♣r♦✈♦③♥í❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ✈♦❞♥í❤♦ tr❦❛↔❡ ✭t❥✳ ♠❡③❡
❢✉♥❦↔♥♦st✐ ❛ ú↔✐♥♥♦st✮ ♣➦✐ r➲③♥ý❝❤ s♣á❞♦✈ý❝❤ ❛ ✈ýt❧❛↔♥ý❝❤ ✈ý➨❦á❝❤✳ ❉í❦② ③ís❦❛♥ý♠ ❝❤❛r❛❦t❡r✐st✐❦á♠
❜✉❞❡ ♠♦➸♥é ❥❡❞♥♦❞✉➨❡ ♥❛✈r❤♥♦✉t ✈②✉➸✐tí ✈♦❞♥í❤♦ tr❦❛↔❡ ❦ ③ás♦❜❡♥í r➲③♥ý❝❤ ❧♦❦❛❧✐t✳
❉r✉❤ý ❞í❧↔í ❝í❧ ❥❡ ♣♦r♦✈♥❛t ♥❛♠➙➦❡♥é ú↔✐♥♥♦st✐ ✈♦❞♥í❤♦ tr❦❛↔❡ s ú↔✐♥♥♦st♠✐ ✉✈❡❞❡♥ý♠✐ ✈ ❞♦st✉♣♥é
❧✐t❡r❛t✉➦❡ ❬✻❪✳ ❩ ♣♦r♦✈♥á♥í ♣❛❦ ❜✉❞❡ ♣❛tr♥é✱ ③❞❛ ♠á ♣♦✉➸✐tá ❦♦♥str✉❦❝❡ tr❦❛↔❡ r❡③❡r✈② ❛ ③❞❛ ❥❡ ú↔❡❧♥é
✉✈❛➸♦✈❛t ♦ ③❞♦❦♦♥❛❧❡♥í ♣♦✉➸✐té ❦♦♥str✉❦❝❡✳




❇②❧♦ ♣♦t➦❡❜❛ ✈②➦❡➨✐t ③ás♦❜❡♥í s❦❛✉ts❦ý❝❤ tá❜♦r➲ ✉➸✐t❦♦✈♦✉ ✈♦❞♦✉✱ ♣r♦t♦➸❡ ✈➙t➨✐♥❛ tá❜♦r➲ ③ ❤❧❡❞✐s❦❛
✈②❤❧á➨❦② ▼✐♥✐st❡rst✈❛ ③❞r❛✈♦t♥✐❝t✈í ✹✷✷✴✷✵✶✸ ❙❜✳ s♣❛❞á ♣♦❞ t③✈✳ ✒③♦t❛✈♦✈❛❝í ❛❦❝❡✑✱ ❦❞❡ ❥❡ ♣♦t➦❡❜❛ ♠ít
❥❡❞❡♥ ✈ýt♦❦♦✈ý ❦♦❤♦✉t ♥❛ ♣➙t ú↔❛st♥í❦➲ tá❜♦r❛✳ ❱➙t➨✐♥❛ tá❜♦r➲ s❡ ♥❛❝❤á③í ♥❛ ♦❞❧❡❤❧ý❝❤ ❧♦❦❛❧✐tá❝❤
❜❡③ ❡❧❡❦tr✐❝❦é ♣➦í♣♦❥❦② ❛ t❛❦ ❜②❧♦ ♥✉t♥é ♥❛✈r❤♥♦✉t ➦❡➨❡♥í ♥❛ t②t♦ ♣♦❞♠í♥❦②✳
◆❛ tá❜♦r❡❝❤ s❡ ♣♦✉➸í✈á s②sté♠ ❣r❛✈✐t❛↔♥í❤♦ r♦③✈♦❞✉ ③❡ ③ás♦❜♥í ♥á❞r➸❡✱ ❦t❡rá ❥❡ ♣❧♥➙♥❛ ③❡ ③❞r♦❥❡
✈♦❞②✱ ♦❜✈②❦❧❡ ♣♦t♦❦❛✳ ❉♦♣♦s✉❞ s❡ ♣♦✉➸í✈á r✉↔♥í ↔❡r♣á♥í ✈♦❞②✱ ❦t❡ré ❥❡ ♥ár♦↔♥é ❛ ③ ❤❧❡❞✐s❦❛ tá❜♦r♦✈ý❝❤
❛❦t✐✈✐t ♦♠❡③✉❥í❝í✳ ❷❡r♣á♥í ♣r♦❜í❤á ❛➸ t➦✐❦rát ❞❡♥♥➙ ❛ ↔❧❡♥♦✈é s❡ ✉ ↔❡r♣á♥í st➦í❞❛❥í✳ ◆❛ ♥➙❦t❡rý❝❤
tá❜♦r❡❝❤ s❡ ✈♦❞❛ ❞♦ ③ás♦❜♥í ♥á❞r➸❡ ♥♦sí r✉↔♥➙ ✈ ❦❜❡❧í❦✉✳
❱♦❞♥í tr❦❛↔ ❜② ♠♦❤❧ ❜ýt ❞♦❜r♦✉ ♠♦➸♥♦stí ❥❛❦ ✈②➦❡➨✐t t②t♦ ♣r♦❜❧é♠② ❛ t❛❦é s❡ ♣➦✐✉↔✐t ♥➙❝♦ ♥♦✈é❤♦
❛ ✈❡❧✐❝❡ ③❛❥í♠❛✈é❤♦✳ ❖ ✈♦❞♥í♠ tr❦❛↔✐ ❥s❡♠ ♣♦♣r✈é s❧②➨❡❧ ♥❛ st➦❡❞♥í ♣r➲♠②s❧♦✈é ➨❦♦❧❡ st❛✈❡❜♥í ✈ ▲✐♣♥í❦✉
♥❛❞ ❇❡↔✈♦✉✳ ❱②♥á❧❡③ ♠➙ ✉➸ t❡❤❞② ♥❛❞❝❤❧ ❛ t❡↕✱ ❞í❦② té♠❛t✉ ❩ás♦❜❡♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ✈♦❞♥í♠




❱♦❞❛✱ ❦t❡rá s❡ ♣♦❤②❜✉❥❡ ♣♦tr✉❜í♠ st➦❡❞♥í r②❝❤❧♦stí v✱ ♠á ❦✐♥❡t✐❝❦♦✉ ❡♥❡r❣✐✐ 1
2
mv2✳ P♦❦✉❞ ❜②❝❤♦♠
♣♦tr✉❜í ✈ ♥➙❥❛❦é♠ ♣r➲➦❡③✉ ♦❦❛♠➸✐t➙ ✉③❛✈➦❡❧✐✱ t❛❦ s❡ st❛♥❡ t♦✱ ➸❡ t❧❛❦ ✈ ♣♦tr✉❜í ♣♦ ✉③❛✈➦❡♥í st♦✉♣♥❡✳
❉í❦② ✈②s♦❦é♠✉ t❧❛❦✉ s❡ st❧❛↔í ♣r♦✉❞í❝í ❦❛♣❛❧✐♥❛✱ r♦③tá❤♥♦✉ s❡ st➙♥② ♣♦tr✉❜í ❛ ♥❛ ♣➦ís❧✉➨♥é ❞❡❢♦r♠❛↔♥í
♣rá❝❡ s❡ ♣➦❡✈❡❞❡ ú❜②t❡❦ ❦✐♥❡t✐❝❦é ❡♥❡r❣✐❡✳
Pr♦ ③❥❡❞♥♦❞✉➨❡♥í ♠➲➸❡♠❡ s❧❡❞♦✈❛t ♦❜rá❝❡♥ý ❥❡✈✳ ▼íst♦✱ ❛❜② t❧❛❦ ❜②❧ ✈ ♣♦tr✉❜í ✈②✈♦❧á♥ ♥ár❛③❡♠
♣r♦✉❞í❝í ✈♦❞② ♥❛ ✉③á✈➙r✱ t❛❦ ❥❡ ③♣➲s♦❜❡♥ ♣♦❤②❜❧✐✈ý♠ ♣íst❡♠✱ ❦t❡rý st❧❛↔✉❥❡ ♥❡❤②❜♥♦✉ ✈♦❞✉ ✈❡ ✈♦✲
❞♦r♦✈♥é♠ ♣♦tr✉❜í ❛ tí♠ ✈②✈♦❧á✈á ✈③r➲st t❧❛❦✉ ♦ ∆p✳ ❏❡✲❧✐ a r②❝❤❧♦st ➨í➦❡♥í t❧❛❦✉ ✈ ❞❛♥é♠ ♣♦tr✉❜í✱
♣❛❦ s❡ ③❛ ❥❡❞♥✉ s❡❦✉♥❞✉ st❧❛↔í s❧♦✉♣❡❝ ✈♦❞② ♦ ❞é❧❝❡ a✳ P♦❦✉❞ ❜② ❜②❧❛ ✈ ❦❛♣❛❧✐♥➙ ♣➦❡❞ ♣íst❡♠ ❦r②❝❤❧❡
♦ ❞é❧❝❡ ❤r❛♥② ❥❡❞♥é ❞é❧❦♦✈é ❥❡❞♥♦t❦②✱ t❛❦ s❡ r♦③♠➙r ❦r②❝❤❧❡ ✈❡ s♠➙r✉ ♦s② ♣♦tr✉❜í ③❦rátí ♦ ♣♦♠➙r♥é
st❧❛↔❡♥í ε1✳ ❖❜❥❡♠ ❦r②❝❤❧❡ ♣♦ ③❛♥❡❞❜á♥í ✈②➨➨í❝❤ ♠♦❝♥✐♥ ♠❛❧ý❝❤ ↔ís❡❧ ε ❛ st❧❛↔❡♥í ❜✉❞❡ ❞❧❡ ❬✷❪✿
(1− ε1)(1 + ε2)(1 + ε2) ≈ 1− ε1 + 2ε2 .
P➲✈♦❞♥í ❥❡♥♦t❦♦✈ý ♦❜❥❡♠ ❦r②❝❤❧❡ s❡ t❡❞② ③♠❡♥➨í ♦ (ε1 − 2ε2)✳ ❏❡✲❧✐ K ♠♦❞✉❧ ♦❜❥❡♠♦✈é ♣r✉➸♥♦st✐
✈♦❞②✱ ♣❛❦ ❞❧❡ ❬✷❪ ♣❧❛tí ✈③t❛❤✿








❛ ♠❛t❡r✐á❧ st➙♥ ♠á ♣♦♠➙r♥é ♣r♦t❛➸❡♥í ε2 =
∆pd
2eE
✱ ♣➦✐↔❡♠➸ E ❥❡ ♠♦❞✉❧ ♣r✉➸♥♦st✐ st➙♥

















❑❛➸❞♦✉ s❡❦✉♥❞✉ s❡ ♣♦s✉♥❡ st❧❛↔❡♥í ♦ ❞é❧❦✉ a✱ ❦t❡rá s❡ ♣➦✐t♦♠ ③❦rátí ♦ ε1a✳ ❖ t✉t♦ ❞é❧❦✉ ♣♦st♦✉♣í














aε1a; ∆p = ρε1a
2 . ✭✸✳✹✮


















✐ ♣r♦ r②❝❤❧♦st ✈ ♥❡♦♠❡③❡♥é ❦❛♣❛❧✐♥➙✳ ❉♦s❛❞í♠❡✲❧✐ ♣r♦ ✈♦❞✉ ♦ t❡♣❧♦t➙ ✶✵ ➦❈ K = 2, 0 · 109 N ·m−2
❛ ρ = 103 kg ·m−3 ❜✉❞❡ ➨í➦❡♥í t❧❛❦♦✈é ✈❧♥② ❞❧❡ ❧✐t❡r❛t✉r② ❬✷❪✿
a0 =
√
2, 0 · 109
√
103
= 1425m · s−1 . ✭✸✳✻✮
✹











Pr♦ ♦❜✈②❦❧é ♠❛t❡r✐á❧② ❛ t❧♦✉➨➫❦② st➙♥ ✈♦❞♦✈♦❞♥í❝❤ ♣♦tr✉❜í ❥s♦✉ r②❝❤❧♦st✐ a ♣♦❞❧❡ t♦❤♦t♦ ✈③♦r❝❡
✉✈❡❞❡♥② ✈ t❛❜✉❧❝❡ ✸✳✶✳







♦❞ ❞♦ ♦❞ ❞♦
❖❝❡❧ ✵✱✵✵✾✽✹ ✽✸✱✸ ✶✷✱✺ ✶✵✻✵ ✶✸✺✵
▲✐t✐♥❛ ✵✱✵✷✷✺✵ ✸✸✱✸ ✻✱✼ ✶✵✽✵ ✶✸✸✵
P❊ ✶✱✺✵✹✷✵ ✶✻✱✻ ✶✵✱✺ ✷✼✾ ✸✹✽
❱ t❛❜✉❧❝❡ ✸✳✶ ❥❡ ③♥á③♦r♥➙♥♦✱ ➸❡ ✈ ❜➙➸♥➙ ♣♦✉➸í✈❛♥ý❝❤ ♣♦tr✉❜í❝❤ ❥s♦✉ r②❝❤❧♦st✐ ➨í➦❡♥í t❧❛❦✉ ♦❦♦❧♦
✶✵✵✵ ♠✳s✲✶✳ ❙ t♦✉t♦ ❤♦❞♥♦t♦✉ s❡ t❛❦é ♣♦↔ítá ✈ ♣r✈♥í♠ ♣➦✐❜❧í➸❡♥í✱ ♣♦❦✉❞ ♥❡♠á♠❡ ♣♦❞❦❧❛❞② ♣r♦ ♣➦❡s♥➙❥➨í
✈ý♣♦↔❡t ③ r♦✈♥✐❝ ✭✸✳✺✮ ❛ ✭✸✳✼✮✳
❖❞ ♣➦❡❞st❛✈② ♣♦❤②❜❧✐✈é❤♦ ♣íst✉ ♣➦❡❥❞❡♠❡ ❦ ♣❡✈♥é♠✉ ✉③á✈➙r✉✱ ✈➲↔✐ ♥➙♠✉➸ s❡ ✈♦❞❛ ♣♦❤②❜✉❥❡ r❡✲
❧❛t✐✈♥í r②❝❤❧♦stí v✳ P❛❦ ✈ r♦✈♥✐❝✐ ✭✸✳✹✮ ♠íst♦ ε1a ♣í➨❡♠❡ v ❛ ♣➦ír➲st❡❦ t❧❛❦♦✈é ✈ý➨❦② ✈②❥á❞➦í♠❡
∆p
ρg







❚❡♥t♦ ❥❡❞♥♦❞✉❝❤ý ❛ ❞➲❧❡➸✐tý ✈③t❛❤ ♦❞✈♦❞✐❧ ➎✉❦♦✈s❦✐❥ ✭r✳ ✶✽✾✽✮✱ t❡♦r✐✐ ✈♦❞♥í❤♦ rá③✉ ♣♦❞r♦❜♥➙❥✐
③♣r❛❝♦✈❛❧ ✐t❛❧s❦ý ❜❛❞❛t❡❧ ❆❧❧✐❡✈✐ ✭r✳ ✶✾✵✸✮ ❬✷❪✳
P♦❦✉❞ ❥s♠❡ ♣➦❡❞♣♦❦❧á❞❛❧✐ ú♣❧♥é ✉③❛✈➦❡♥í ♣♦tr✉❜í✱ ♣➦✐ ❦t❡ré♠ r②❝❤❧♦st ❦❧❡s♥❡ ③ ❤♦❞♥♦t② v ♥❛ ♥✉❧✉✱








P➦❡❞♣♦❦❧á❞❡❥♠❡✱ ➸❡ ✈♦❞♥í tr❦❛↔ ❜✉❞❡ ♥❛♣♦❥❡♥ ♥❛ ♣➦í✈♦❞♥í ♣♦tr✉❜í ③ P❊ ♥❡❜♦ ③ ❖❝❡❧✐✳ ◆❛ ③á❦❧❛❞➙
r♦✈♥✐❝❡ ✭✸✳✾✮ ♠➲➸❡♠❡ t❡❞② ♦❞✈♦❞✐t ❞✈❛ ❣r❛❢②✱ ❛ t♦ ♣r♦ P❊ ✭♦❜rá③❡❦ ✸✳✶ ✈❧❡✈♦✮ ❛ ♣r♦ ♦❝❡❧ ✭♦❜rá③❡❦ ✸✳✶
✈♣r❛✈♦✮✳ ❱ ❣r❛❢❡❝❤ ❥❡ ③♥á③♦r♥➙♥❛ ♦❞❤❛❞♦✈❛♥á ♠❛①✐♠á❧♥í t❡♦r❡t✐❝❦á ❞♦♣r❛✈♥í ✈ý➨❦❛ ♣➦✐ ③♠➙♥➙ r②❝❤❧♦stí
∆v = 0, 14 až 0, 17m · s−1✳
❖❜rá③❡❦ ✸✳✶✿ ●r❛❢ ③♠➙♥② r②❝❤❧♦st✐ ♥❛ ♠❛①✐♠á❧♥í t❡♦r❡t✐❝❦é ✈ýt❧❛↔♥é ✈ý➨❝❡ ✭P❊ ✈❧❡✈♦✱ ♦❝❡❧ ✈♣r❛✈♦✮
✺
❩ ♦❜rá③❦✉ ✸✳✶ ♣❧②♥❡✱ ➸❡ ♣➦✐ ♣♦✉➸✐tí P❊ ♣♦tr✉❜í ❧③❡ ♦↔❡❦á✈❛t ✈ýt❧❛↔♥♦✉ ✈ý➨❦✉ ✈ ➦á❞✉ ✺ ♠✱ ③❛tí♠❝♦
✉ ♦❝❡❧♦✈é❤♦ ♣♦tr✉❜í ❧③❡ ♦↔❡❦á✈❛t ✈ýt❧❛↔♥♦✉ ✈ý➨❦✉ ✈ ➦á❞✉ ✶✼ ♠✳
✸✳✷ ❱♦❞♥í tr❦❛↔
❱♦❞♥í tr❦❛↔ ❥❡ ↔❡r♣❛❝í ③❛➦í③❡♥í✱ ❦t❡ré ♣➦❡♠➙➡✉❥❡ ❦✐♥❡t✐❝❦♦✉ ❡♥❡r❣✐✐ ✈ ♣♦t❡♥❝✐á❧♥í ❛ ✈②✉➸í✈á ✈♦❞♥í❝❤ rá③➲
✈ ♣♦tr✉❜í✳ Pr❛❝✉❥❡ ♥❡♣➦❡tr➸✐t➙✱ ❞♦❦✉❞ ❥❡ ♥❛ ♣➦í✈♦❞✉ ❞♦st❛t❡↔♥á s♣á❞♦✈á ✈ý➨❦❛✳ ❑❡ s✈é ♣rá❝✐ ✈②✉➸í✈á
❡♥❡r❣✐❡ ✈❡❧❦é❤♦ ♠♥♦➸st✈í ✈♦❞② ♦ ♠❛❧é♠ s♣á❞✉ ♣r♦ ↔❡r♣á♥í ♠❛❧é❤♦ ♠♥♦➸st✈í ❞♦ ✈➙t➨í ✈ý➨❦②✳
❷❡r♣á♥í ✈♦❞② ❥❡ ♣r♦✈á❞➙♥♦ ♣❡r✐♦❞✐❝❦ý♠✐ rá③② ♥❡❜♦❧✐ ✒tr❦②✑✳ Pr❛❝♦✈♥í t➙❧❡s♦ ❥❡ ✈②❜❛✈❡♥♦ t❧❛❦♦✈♦✉
♥á❞♦❜♦✉ ❛ ✈❡♥t✐❧② ✭✈ýt❧❛↔♥ý♠ ❛ t❡♣❛❝í♠✮✳ ❙♣á❞♦✈á ✈ý➨❦❛ H ❜② ❞❧❡ ❬✻❪ ♠➙❧❛ ❜ýt ✶ ❛➸ ✺ ♠✳ ❯ s♣á❞♦✈é
✈ý➨❦② H < 1m ❥❡ ú↔✐♥❡❦ ♥❡❥✐stý ♥❡❜♦ ❥❡ s ✈❡❧♠✐ ♠❛❧♦✉ ú↔✐♥♥♦stí✳ ❯ s♣á❞♦✈é ✈ý➨❦② H > 5m ❥s♦✉ rá③②
t❛❦ ✈❡❧✐❦é✱ ➸❡ ♦❤r♦➸✉❥í ❦♦♥str✉❦❝✐ tr❦❛↔❡✱ ❛ ♣➦❡❞❡✈➨í♠ ❥❡❤♦ ✈❡♥t✐❧②✳ P➦í✈♦❞♥í ♣♦tr✉❜í ♠á ❜ýt ❞❧♦✉❤é
✺ ❛➸ ✶✺ ♠✳ P♦❦✉❞ ❥❡ ♣♦tr✉❜í ❞❡❧➨í✱ ❥❡ ♥✉t♥♦ ♣r♦✈ést ♣➦❡❞ tr❦❛↔❡♠ s✈✐s❧é ♥❛♣♦❥❡♥í ♣♦tr✉❜í✱ ❦t❡ré ❜✉❞❡
❛s✐ ♦ ✶ ♠ ♣➦❡✈ý➨❡♥é ♥❛❞ ❤❧❛❞✐♥✉ ❤♥❛❝í ✈♦❞② ❛ ✉t❧✉♠í rá③♦✈♦✉ ✈❧♥✉✳
❚❡♣❛❝í ✈❡♥t✐❧ ❥❡ s❡➦í③❡♥ t❛❦✱ ➸❡ ♣➦✐ ♠❛❧é r②❝❤❧♦st✐ ♣r♦té❦á ✈♦❞❛ ❞♦ r❡❝✐♣✐❡♥t✉ ✭↔✐ ❞♦ ♦❞♣❛❞✉✮
❛ ♣➦✐ ✉r↔✐té r②❝❤❧♦st✐ s❡ sá♠ ✉③❛✈➦❡✳ ❱ ♦❦❛♠➸✐❦✉ ✉③❛✈➦❡♥í s❡ ♣r➲t♦❦ ❤♥❛❝í ✈♦❞② ③❜r③❞í✱ ↔í♠➸ s❡ ③✈ý➨í
t❧❛❦ ❛ ↔ást ✈♦❞② ✈♥✐❦♥❡ ♣➦❡s ✈ýt❧❛↔♥ý ✈❡♥t✐❧ ♣➦í♠♦ ❞♦ t❧❛❦♦✈é ♥á❞♦❜② ✈➙t➨í♠ ♣➦❡t❧❛❦❡♠ ♥❡➸ ❥❡ ✈ýt❧❛↔♥á
✈ý➨❦❛ s❡ ③trát❛♠✐ h + hz✳ ❚í♠ ♦✈➨❡♠ ♣♦❦❧❡s♥❡ t❧❛❦ ✈ ♣➦í✈♦❞♥í♠ ♣♦tr✉❜í ✭③♣➙t♥á ♣♦❞t❧❛❦♦✈á ✈❧♥❛✮✱
✈ýt❧❛↔♥ý ✈❡♥t✐❧ s❡ t❧❛❦❡♠ s❤♦r❛ ✉③❛✈➦❡ ❛ ♦t❡✈➦❡ s❡ t❡♣❛❝í ✈❡♥t✐❧✳ ❩ t❧❛❦♦✈é ♥á❞♦❜② ♣➦✐t♦♠ ✈②té❦á ✈♦❞❛
♦ ↔❡r♣❛♥é♠ ♠♥♦➸st✈í q ♣♦st✉♣♥➙ ❞♦ ③ás♦❜♥í ♥á❞r➸❡✳ ❈❡❧ý t❡♥t♦ ❝②❦❧✉s s❡ ❜❡③ ♣➦❡r✉➨❡♥í ♦♣❛❦✉❥❡✳ ❱③❤❧❡✲
❞❡♠ ❦ ✈❡❧❦ý♠ t❧❛❦➲♠ ♠✉sí ❜ýt ♣♦tr✉❜í ➦á❞♥➙ ③❛❦♦t✈❡♥♦ ❛ s♣♦❥❡ ❞♦❦♦♥❛❧❡ ✉t➙s♥➙♥②✳ ❱ t❧❛❦♦✈é ♥á❞♦❜➙
③➲stá✈á ♣r✉➸♥ý ✈③❞✉❝❤♦✈ý ♣♦❧➨tá➦ ♣♦❞♦❜♥➙ ❥❛❦♦ ✉ ❛✉t♦♠❛t✐❝❦ý❝❤ t❧❛❦♦✈ý❝❤ st❛♥✐❝✳ Pr♦ ✈➙t➨í ♠♥♦➸st✈í
✈♦❞② s❡ ♠➲➸❡ ♣♦✉➸ít ✈í❝❡ tr❦❛↔➲ ③❛♣♦❥❡♥ý❝❤ ♥❛ ❥❡❞♥✉ t❧❛❦♦✈♦✉ ♥á❞♦❜✉✳
❙❝❤é♠❛ ✈♦❞♥í❤♦ tr❦❛↔❡ ❥❡ ♥❛ ♦❜rá③❦✉ ✸✳✷✳
❖❜rá③❡❦ ✸✳✷✿ ❙❝❤é♠❛ ✈♦❞♥í❤♦ tr❦❛↔❡
❱ s♦✉↔❛s♥é ❞♦❜➙ s❡ tr❦❛↔❡ ♣♦✉➸í✈❛❥í ❦ ↔❡r♣á♥í ✉➸✐t❦♦✈é ✈♦❞② ♣r♦ ③ás♦❜♦✈á♥í ③❛❤r❛❞ ♥❛ ♦❞❧❡❤❧ý❝❤
♠íst❡❝❤✱ ❤♦rs❦ý❝❤ ❝❤❛t ♥❡❜♦ ❥✐♥ý❝❤ ♠íst✱ ❜❡③ ♣➦í✈♦❞✉ ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡✳ ❚r❦❛↔ ♠➲➸❡ ↔❡r♣❛t ✐ ❥✐♥♦✉
✈♦❞✉ ♥❡➸ ✈♦❞✉ ❤♥❛❝í✳ ❱ t➙❝❤t♦ ♣➦í♣❛❞❡❝❤ s❡ ❥❡❞♥á ♣➦❡✈á➸♥➙ ♦ ♣✐t♥♦✉ ✈♦❞✉ ✭❦❛♣✐t♦❧❛ ✹✳✷✳✹✮✳
✻
❱③t❛❤ ♠❡③✐ ♣r➲t♦❦❡♠ ❤♥❛❝í ✈♦❞② Q✱ s♣á❞♦✈♦✉ ✈ý➨❦♦✉ H✱ ↔❡r♣❛♥é♠ ♠♥♦➸st✈í ✈♦❞② q ❛ ✈ýt❧❛↔♥♦✉
✈ý➨❦♦✉ h ❥❡ ❞❧❡ ❬✻❪✿
q · h = η · (Q− q) ·H . ✭✸✳✶✵✮





❉❧❡ ❬✻❪ ❥❡ ú↔✐♥♥♦st η ✈❡❧♠✐ ♥í③❦á ✭st❛♥❞❛r❞♥➙ ✈ ♠❡③í❝❤ ✵✱✷✺ ❛➸ ✵✱✺✮ ❛ ❞♦s❛➸✐t❡❧♥á ✈ýt❧❛↔♥á ✈ý➨❦❛ h
♠➲➸❡ ❜ýt ❛➸ ❞✈❛❝❡t✐♥ás♦❜❡❦ s♣á❞♦✈é ✈ý➨❦② H ♦✈➨❡♠ ↔❡r♣❛♥é ♠♥♦➸st✈í q ❥❡ ♣♦✉③❡ ❛s✐ ✶ ✪ ③ ❝❡❧❦♦✈é❤♦
♣r➲t♦❦✉ ❤♥❛❝í ✈♦❞② Q✳ Pr♦ ❞♦s❛➸❡♥í ✈②➨➨í ú↔✐♥♥♦st✐ ❞♦♣♦r✉↔✉❥❡ ❬✻❪ ❞♦❞r➸❡t ♣♦♠➙r h/H ≤ 8✳ P♦↔❡t
✒tr❦➲✑ ③❛ s❡❦✉♥❞✉ ✉❞á✈á ❬✻❪ ✈③t❛❤❡♠✿
n = 268
H
60 · L · v
. ✭✸✳✶✷✮
❦❞❡
v r②❝❤❧♦st ✈♦❞② ✈ ♣➦í✈♦❞♥í♠ ♣♦tr✉❜í ♦ ♣r➲♠➙r✉ D✱
L ❞é❧❦❛ ♣♦tr✉❜í✳
Pr♦ ♥á✈r❤② ♥♦✈ý❝❤ ✈♦❞♥í❝❤ tr❦❛↔➲ ❥❡ ✈ ❬✻❪ ♦❞✈♦③❡♥❛ t❛❜✉❧❦❛ ✸✳✷✳
❚❛❜✉❧❦❛ ✸✳✷✿ ◆á✈r❤♦✈é ♣❛r❛♠❡tr② ✈♦❞♥í❤♦ tr❦❛↔❡ ❞❧❡ ❬✻❪
h
H
✶ ✷ ✸ ✹ ✺ ✻ ✽ ✶✵ ✶✷ ✶✺ ✶✻ ✶✽ ✷✵
η ✵✱✾✷ ✵✱✽✹ ✵✱✼✽ ✵✱✼✷ ✵✱✻✼ ✵✱✻✸ ✵✱✺✻ ✵✱✹✾ ✵✱✹✸ ✵✱✸✺ ✵✱✸✷ ✵✱✷✻ ✵✱✷✸
q
Q
✵✱✹✽ ✵✱✷✾ ✵✱✷✵✺ ✵✱✶✺✷ ✵✱✶✶✽ ✵✱✵✾✺ ✵✱✵✻✺ ✵✱✵✹✽ ✵✱✵✸✹ ✵✱✵✷✷✺ ✵✱✵✶✾✻ ✵✱✵✶✹✷ ✵✱✵✶✶✷
✼
✹ ❍✐st♦r✐❡ ❛ ♣❛t❡♥t②
✹✳✶ ❍✐st♦r✐❡
P➦❡❞❝❤➲❞❝❡♠ tr❦❛↔❡ ❜②❧ r✉↔♥➙ ♦✈❧á❞❛♥ý ♣✉❧s♥í ♠♦t♦r✱ ❦t❡rý ✈②♥❛❧❡③❧ ❏♦❤♥ ❲❤✐t❡❤✉rst ✈ r♦❝❡ ✶✼✼✷✳
❙❛♠♦t♥ý ✈♦❞♥í tr❦❛↔ ❜②❧ r♦❦✉ ✶✼✾✻ ③❦♦♥str✉♦✈á♥ ❢r❛♥❝♦✉③s❦ý♠ ✈②♥á❧❡③❝❡♠ ❏♦s❡♣❤❡♠ ▼♦♥t❣♦❧✜❡r❡♠✳
❱ ♦❜❞♦❜í ③❦♦✉➨❡♥í ♦ ③❦♦♥str✉♦✈á♥í tr❦❛↔❡ ❜②❧ ✈❡➦❡❥♥♦stí ♣♦✈❛➸♦✈á♥ ③❛ ❜❧á③♥❛ ❛ ♣♦❞✐✈í♥❛✱ ❦❞②➸ ❞❧♦✉❤é
♠➙sí❝❡ ❜á❞❛❧ ♥❛❞ t❛❦ ✒❜❛♥á❧♥í✑ ♠❛❧✐↔❦♦stí ❥❛❦♦ ❥❡ t❡♣❛❝í ✈❡♥t✐❧✳ ▼♦♥t❣♦❧✜❡r ❛❧❡ ✈➙❞➙❧ ❝♦ ❞➙❧á ❛ ♥❛❦♦♥❡❝✱
❦❞②➸ s✈➲❥ ✈②♥á❧❡③ ③❦♦✉➨❡❧ ✈❡ s✈é ♣❛♣ír♥➙ s❡ ✉❦á③❛❧♦✱ ➸❡ ❥❡❤♦ ✈ý③❦✉♠ ♠➙❧ s♠②s❧✳ ❘♦❦✉ ✶✼✾✼ ❜②❧ ♣r✐♥❝✐♣
tr❦❛↔❡ ♣❛t❡♥t♦✈á♥ ❛ ♣❛t❡♥t ♣♦③❞➙❥✐ ③❞➙❞✐❧✐ s②♥♦✈é ❏✳ ▼♦♥t❣♦❧✜❡r❛✳ ❆➸ r♦❦✉ ✶✽✷✵ ③ís❦❛❧ ♣❛t❡♥t ❏✳ ❊❛st♦♥✱
❦t❡rý ✈❧❛st♥✐❧ s♣❡❝✐❛❧✐③♦✈❛♥♦✉ ✜r♠✉ ♥❛ ✈♦❞ár❡♥s❦é ③❛➦í③❡♥í✳
❉♦ ↔❡s❦ý❝❤ ③❡♠í ❞♦r❛③✐❧ ♣r✈♥í tr❦❛↔ r♦❦✉ ✶✽✸✹ ③ P❛➦í➸❡✳ P➦✐✈❡③❧ ❤♦ ♦❜❝❤♦❞♥í❦ ❱♦✐③♦t ♣r♦ ▲✉✐s❡
❘♦❤❛♥❛ ❛ ❜②❧ ♣♦✉➸í✈á♥ ❦ ↔❡r♣á♥í ✈♦❞② ③ ➦í↔❦② ▼♦❤❡❧❦② ♥❛ ③á♠❡❦ ❙②❝❤r♦✈ ❬✸❪✳
✹✳✷ P❛t❡♥t②
✹✳✷✳✶ ❱♦❞♥í tr❦❛↔ s ♥ár❛③♥ý♠ ✈❡♥t✐❧❡♠✱ ♦❜rá❝❡♥ý♠ ❞♦❧➲ ❬✺❪
❆✉t♦r✿ P❋■❙❚❊❘ ✫ ▲❆◆●❍❆◆❙❙ ❆❦t✐❡♥ ●❡s❡❧❧s❝❤❛❢t✱ ◆♦r✐♠❜❡r❦✱ ❙❘◆
❉❛t✉♠✿ ✵✷✳✵✻✳✶✾✷✺
❱②♥á❧❡③ s♣♦↔í✈á ✈ t♦♠✱ ➸❡ ♠íst♦ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉ s♠➙➦✉❥í❝í❤♦ ❞♦❧➲ s❡ ♣♦✉➸✐❥❡ t❡♣❛❝í ✈❡♥t✐❧✱ ❦t❡rý ❥❡
✈②✈á➸❡♥ ❛ ♣r❛❝✉❥❡ ♥❛♣r♦st♦ s❛♠♦st❛t♥➙ ❜❡③ ❥❛❦é❤♦❦♦❧✐✈ r♦③✈♦❞✉✳ Pr♦ ✈②✈á➸❡♥í s❡ ♣♦✉➸✐❥❡ ú↔❡❧♥➙ ♣r✉➸í❝í
♣❛s✱ ♦ ❦t❡rý s❡ ✈❡♥t✐❧ ♦♣írá ❬✺❪✳
P➦í❦❧❛❞ ♣r♦✈❡❞❡♥í ❥❡ ③♦❜r❛③❡♥ ♥❛ ♥ás❧❡❞✉❥í❝í♠ ♦❜rá③❦✉ ✹✳✶✳
❆✲♦❜❧♦✉❦♦✈á tr♦✉❜❛✱ ❇✲➨✐❦♠ý ❦♦♥❡❝ tr♦✉❜②✱ ❈✲♣➦í✈♦❞♥í ♣♦tr✉❜í✱ ❉✲➨♦✉♣át❦♦✱ ❊✲s✈✐s❧ý ❦♦♥❡❝ tr♦✉❜②✱ ❋✲t❡♣❛❝í
✈❡♥t✐❧✱ ●✲✈ýt♦❦♦✈é ♦t✈♦r②✱ ❍✲s♣♦❞♥í ✈♦❞❛✱ ❏✲♦❞t♦❦♦✈á tr♦✉❜❛✱ ❑✲♥♦❤❛ tr❦❛↔❡✱ ▲✲✈ýt❧❛↔♥é ❤r❞❧♦✱ ▼✲✈③❞✉➨♥í❦✱
◆✲✈ýt❧❛↔♥ý ✈❡♥t✐❧✱ ❖✲❤r❞❧♦✱ ◗✲❦✉➸❡❧❦❛ ♥ár❛③♥é❤♦ ✈❡♥t✐❧✉✱ ❘✲③♣r✉❤❛✱ ❙✲sr❦❛❝í tr✉❜✐↔❦❛✱ ❚✲sr❦❛❝í ♦t✈♦r
❖❜rá③❡❦ ✹✳✶✿ ❱♦❞♥í tr❦❛↔ s ♥ár❛③♥ý♠ ✈❡♥t✐❧❡♠✱ ♦❜rá❝❡♥ý♠ ❞♦❧➲ ❬✺❪
✽
✹✳✷✳✷ ❱♦❞♥í tr❦❛↔ ❬✽❪
❆✉t♦r✿ ❩❛✈❛❞✐❧ ❊❞✉❛r❞✱ Pr❛❤❛✱ ❷❙❘
❉❛t✉♠✿ ✶✺✳✶✷✳✶✾✸✺
P➦❡❞♠➙t ✈②♥á❧❡③✉ t✈♦➦í ✈♦❞♥í tr❦❛↔✱ ❦t❡rý ♠á t❡♣❛❝í ✈❡♥t✐❧ ✐ s❡❞❧♦ ✉♠íst➙♥ý ✈ t➙s♥é ✈②❜í❥❡❥í❝í ❦♦♠♦➦❡✱
♦❞ ❦t❡ré ❥❡ ♦❞✈á❞➙♥❛ s♣♦t➦❡❜♦✈❛♥á ✈♦❞❛✳ ❚r❦❛↔ ✈②✉➸í✈á ❝❡❧♦✉ ♣♦❤♦♥♥♦✉ ✈ý➨❦✉ ❤♥❛❝í ✈♦❞② ✭♦❞ ❤♦r♥í
❤❧❛❞✐♥② ❥í♠❦② ❛➸ ❦❡ s♣♦❞♥í ❤❧❛❞✐♥➙ ♦❞♣❛❞♥í ✈♦❞②✮ ❜❡③ ❥❛❦ý❝❤❦♦❧✐✈ ③trát ❬✽❪✳
❑♦♥str✉❦❝❡ tr❦❛↔❡ ❥❡ ♣➦❡❤❧❡❞♥➙ ③♣r❛❝♦✈á♥❛ ♥❛ ♦❜rá③❦✉ ✹✳✷✳
✶✲♣➦í✈♦❞♥í ♣♦tr✉❜í✱ ✷✲tr✉♣ tr❦❛↔❡✱ ✸✲✈ýt❧❛↔♥ý ♦t✈♦r✱ ✹✲✈ý♣✉st♥ý ♦t✈♦r✱ ✺✲❦✉➸❡❧♦✈✐té s❡❞❧♦✱ ✻✲✈á❧❝♦✈✐té s❡❞❧♦✱
✼✲✈ý♣✉st♥ý ♦t✈♦r✱ ✽✲✈②❜í❥❡❝í ❦♦♠♦r❛✱ ✾✲✈♦❞í❝í ♣♦✉③❞r♦✱ ✶✵✲♦❞♣❛❞♥í tr✉❜❦❛✱ ✶✶✲♦❞✈♦❞➡♦✈❛❝í ❦♦r②t♦✱ ✶✷✲t❛❧í➦
t❡♣❛❝í❤♦ ✈❡♥t✐❧✉✱ ✶✸✲✈➦❡t❡♥♦✱ ✶✹✲♣r✉➸✐♥❛✱ ✶✺✲st❛✈✐t❡❧♥á ♠❛t✐❝❡ ✈❡♥t✐❧♦✈á✱ ✶✻✲st❛✈✐t❡❧♥á ♠❛t✐❝❡ ♣➦ít✉➸♥á✱ ✶✼✲s❡❞❧♦✱
✶✽✲♣r✉➸✐♥❛✱ ✶✾✲➨r♦✉❜✱ ✷✵ ❛ ✷✶✲❞✈♦❥✐tý ✈á❧❡❝✱ ✷✷✲❞♦❧♥í ♣íst✱ ✷✸✲tr✉❜❦♦✈ý ♣❧✉♥➸❡r✱ ✷✹✲♣r➲❝❤♦③í ♦t✈♦r✱ ✷✺✲✈❡♥t✐❧✱
✷✻✲♣r✉➸✐♥❛✱ ✷✼✲♣r✉➸✐♥❛✱ ✷✽✲♦t✈♦r✱ ✷✾✲↔❡r♣❛❝í ❦♦♠♦r❛✱ ✸✵✲✈ýt❧❛↔♥ý ✈❡♥t✐❧✱ ✸✶✲♣r✉➸✐♥❛✱ ✸✷✲s❛❝í ♦t✈♦r✱ ✸✸✲t❧❛↔♥ý
✈③❞✉➨♥í❦✱ ✸✹✲♦t✈♦r✱ ✸✺✲✈ýt❧❛↔♥é ♣♦tr✉❜í
❖❜rá③❡❦ ✹✳✷✿ ❱♦❞♥í tr❦❛↔ ❬✽❪
✹✳✷✳✸ ❱♦❞♥í tr❦❛↔ ❬✶❪
❆✉t♦r✿ ❇❧❛➸❡❦ ❏❛♥✱ ●♦tt✇❛❧❞♦✈✱ ❷❙❙❘
❉❛t✉♠✿ ✵✶✳✵✾✳✶✾✽✼
Ú↔❡❧❡♠ ✈②♥á❧❡③✉ ❥❡ s♥í➸❡♥í ❤②❞r❛✉❧✐❝❦ý❝❤ ♦❞♣♦r➲ ✈③♥✐❦❛❥í❝í❝❤ ✈❡ ✈♦❞♥í♠ tr❦❛↔✐✱ ✈❡❞♦✉❝í❝❤ ❦❡ ③✈ý➨❡♥í
ú↔✐♥♥♦stí✳ ❩❛➦í③❡♥í s❡ ❞á ✈②✉➸ít ✐ ♣➦✐ ✈❡❧♠✐ ♠❛❧ý❝❤ s♣á❞♦✈ý❝❤ ✈ý➨❦á❝❤ ❛ ♠❛❧é♠ ♠♥♦➸st✈í ❞♦♣r❛✈♦✈❛♥é
❦❛♣❛❧✐♥②✳
Ú↔❡❧✉ s❡ ❞♦sá❤♥❡ ✉s♣♦➦á❞á♥í♠ ♣r➲t♦❦♦✈é tr♦✉❜② ❛ s❡❞❧❛ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉ ✈ ❥❡❞♥é r♦✈✐♥➙ ❬✶❪✳
✾
✹✳✷✳✹ ❚r❦❛↔ s ♦❞❞➙❧❡♥ý♠ ↔❡r♣á♥í♠ ❬✼❪
❆✉t♦r✿ ❱❡✈❡r❛ ❏✐➦í✱ ▲❡t♦✈✐❝❡✱ ❷❙❙❘
❉❛t✉♠✿ ✶✺✳✵✼✳✶✾✽✽
Ú↔❡❧❡♠ ➦❡➨❡♥í ❥❡ ③❥❡❞♥♦❞✉➨❡♥í ❛ ③✈ý➨❡♥í s♣♦❧❡❤❧✐✈♦st✐ tr❦❛↔❡ s ♦❞❞➙❧❡♥ý♠ ↔❡r♣á♥í♠✱ ❥❛❦ ❧③❡ ✈✐❞➙t ♥❛ ♦❜✲
rá③❦✉ ✹✳✸✳ ❚❡♥t♦ tr❦❛↔ ❥❡ s❧♦➸❡♥ ③ ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í ✉❦♦♥↔❡♥é❤♦ t❡♣❛❝í♠ ✈❡♥t✐❧❡♠✱ ❦❞❡ ❥❡ ❦ ♣➦í✈♦❞♥í♠✉
♣♦tr✉❜í ♣➦✐♣♦❥❡♥❛ ♣r❛❝♦✈♥í ❦♦♠♦r❛✳ ❑♦♠♦r❛ ❥❡ ♦♣❛t➦❡♥❛ s❛❝í♠ ✈❡♥t✐❧❡♠ ❛ ✈ýt❧❛↔♥ý♠ ✈❡♥t✐❧❡♠✳ ▼❡③✐
♣➦í✈♦❞♥í♠ ♣♦tr✉❜í♠ ❛ ♣r❛❝♦✈♥í ❦♦♠♦r♦✉ ❥❡ ✉❧♦➸❡♥ ♦❞♣r✉➸❡♥ý ♦❞❞➙❧✉❥í❝í ♣♦s✉✈♥ý ♣r✈❡❦✳ ❯✈❡❞❡♥é❤♦
ú↔❡❧✉ s❡ ❞♦s❛❤✉❥❡ tí♠✱ ➸❡ ♦❞❞➙❧✉❥í❝í ♣♦s✉✈♥ý ♣r✈❡❦ ❥❡ t✈♦➦❡♥ ♠❡♠❜rá♥♦✉ ❬✼❪✳
✶✲♣➦í✈♦❞♥í ♣♦tr✉❜í✱ ✷✲✈♦❞♥í ♥á❞r➸✱ ✸✲s❛❝í ❦♦➨✱ ✹✲❜❡t♦♥♦✈á ❦♦♣❦❛✱ ✺✲❜➦❡❤ ✈♦❞♥í ♥á❞r➸❡✱ ✻✲t❡♣❛❝í ✈❡♥t✐❧✱ ✼✲♣r❛❝♦✈♥í
❦♦♠♦r❛✱ ✽✲s❛❝í ✈❡♥t✐❧✱ ✾✲✈ýt❧❛↔♥á ✈❡♥t✐❧✱ ✶✵✲✈ýt❧❛↔♥é ♣♦tr✉❜í✱ ✶✶✲♦❞❞➙❧✉❥í❝í ♣♦s✉✈♥ý ♣r✈❡❦✱ ✶✷✲♠❡♠❜rá♥❛✱ ✶✸✲
t➙❧❡s♦ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉✱ ✶✹✲s❡❞❧♦✱ ✶✺✲❞♦r❛③✱ ✶✻✲t➙s♥í❝í ❦♦✉❧❡✱ ✶✼✲✈❡❞❡♥í ♦❞t❧❛↔♦✈❛❝í t②↔❡✱ ✶✽✲♦❞t❧❛↔♦✈❛❝í t②↔✱
✶✾✲③á✈❛➸í✱ ✷✵✲♦❞♣❛❞♥í ♣♦tr✉❜í✱ ✷✶✲♦❞♣❛❞♥í ❦❛♥á❧✱ ✷✷✲✉③❛✈ír❛t❡❧♥ý ✈st✉♣♥í ♣r♦st♦r
❖❜rá③❡❦ ✹✳✸✿ ❚r❦❛↔ s ♦❞❞➙❧❡♥ý♠ ↔❡r♣á♥í♠✱ ❱❡✈❡r❛ ❏✐➦í ❬✼❪
✹✳✷✳✺ ❘♦t❛↔♥í tr❦❛↔ ❬✹❪
❆✉t♦r✿ ▼ár❛ ❏❛♥✱ ❚á❜♦r✱ ❈❩
❉❛t✉♠✿ ✵✷✳✵✺✳✷✵✶✶
❚❡❝❤♥✐❝❦é ➦❡➨❡♥í t♦❤♦t♦ tr❦❛↔❡ ♦❜s❛❤✉❥❡ r♦t❛↔♥í ❧♦♣❛t❦♦✈é ❦♦❧♦✱ ♦❜t♦❦♦✈ý ❦❛♥á❧✱ ✉③❛✈ír❛❝í ➨♦✉♣❛t❛
s ♦✈❧á❞á♥í♠ ❛ ❡①♣❛♥③♥í ♥á❞r➸✱ ❦t❡rá t❧✉♠í rá③② ✈❡ ✈ýt❧❛❦♦✈é♠ ❦❛♥á❧✉✳
Pr♦✉❞ ✈♦❞②✱ ❦t❡rý t❡↔❡ ✈t♦❦♦✈ý♠ ❦❛♥á❧❡♠ r♦③tá↔í ❧♦♣❛t❦♦✈é ❦♦❧♦ ❛ t❛❦é ♣r♦✉❞í ♦❜t♦❦♦✈ý♠ ❦❛♥á❧❡♠✳
P➦✐ ♥á❤❧é♠ ✉③❛✈➦❡♥í ✈ýt♦❦♦✈é❤♦ ➨♦✉♣➙t❡ ♣r✉❞❝❡ ✈③r♦st❡ t❧❛❦ ✈♦❞②✱ ♦t❡✈➦❡ s❡ ✈ýt❧❛❦♦✈é ➨♦✉♣➙ ❛ ✈♦❞❛
❥❡ ♣♦❞ t❧❛❦❡♠ ❛ s❡tr✈❛↔♥♦stí r♦t❛↔♥í❤♦ ❦♦❧❛ ✈②t❧❛↔❡♥❛ ❞♦ ✈ýt❧❛❦♦✈é❤♦ ❦❛♥á❧✉✳ ❍r❛❞í❝í ➨♦✉♣➙ s❧♦✉➸í
❦ ♦❞❞➙❧❡♥í ✈t♦❦♦✈é ❛ ✈ýt❧❛❦♦✈é ✈➙t✈❡✱ ♦t❡✈írá s❡ ♣♦✉③❡ ♣r♦ ♣r➲❝❤♦❞ ❧♦♣❛t❦② r♦t❛↔♥í❤♦ ❦♦❧❛✳
P➦✐ ♥ás❧❡❞♥é♠ ♦t❡✈➦❡♥í ✈ýt♦❦♦✈é❤♦ ➨♦✉♣➙t❡ ❛ s♦✉↔❛s♥é♠ ✉③❛✈➦❡♥í ✈ýt❧❛❦♦✈é❤♦ ➨♦✉♣➙t❡ s❡ ✉stá❧í
♦❞t♦❦ ✈♦❞② ♦❞t♦❦♦✈ý♠ ❦❛♥á❧❡♠✱ ♣r♦✉❞ ✈♦❞② ③♥♦✈✉ ③ís❦á ❡♥❡r❣✐✐ ❛ s♦✉↔❛s♥➙ ❧♦♣❛t❦♦✈é ❦♦❧♦ ❤②❜♥ý
♠♦♠❡♥t✳
Pr♦ s♣rá✈♥♦✉ ❢✉♥❦❝✐ ❛ s♥í➸❡♥í ③trát ❥❡ ♥❡③❜②t♥é✱ ❛❜② ➨t➙r❜✐♥❛ ♠❡③✐ s❦➦í♥í tr❦❛↔❡ ❛ r❛♠❡♥❡♠ ❧♦♣❛t✲
❦♦✈é❤♦ ❦♦❧❛ ❜②❧❛ ❝♦ ♥❡❥♠❡♥➨í ❬✹❪✳
✶✵
✹✳✸ ❚r❦❛↔ ❞♦st✉♣♥ý ✈ ❷❘
❱ s♦✉↔❛s♥é ❞♦❜➙ s❡ ♥❛ ↔❡s❦é♠ ♦❜❝❤♦❞♥í♠ tr❤✉ ♦❜❥❡✈✉❥❡ ♣♦✉③❡ ❥❡❞❡♥ ❞r✉❤ ✈♦❞♥í❤♦ tr❦❛↔❡✳ ❏❡❤♦ ❝❡♥❛
s❡ ♣♦❤②❜✉❥❡ ✈ r♦③♠❡③í ✸ ✺✵✵ ✲ ✹ ✵✵✵ ❑↔✳
▼á ✈②✉➸✐tí ♣r♦ ❝❤❛t❛➦❡✱ ③❛❤rá❞❦á➦❡ ❛ ✈➨✉❞❡ t❛♠✱ ❦❞❡ ❥❡ ♣♦t♦❦✱ ➦❡❦❛ ♥❡❜♦ ❥❛❦á❦♦❧✐ ❥✐♥á ✈♦❞❛ ❛ ♦❜❥❡❦t
♥❡❞✐s♣♦♥✉❥❡ ❡❧❡❦tr✐❝❦♦✉ ♣➦í♣♦❥❦♦✉✳ ◆❛ ♦❜rá③❦✉ ✹✳✹ ❥s♦✉ ♣♦❤❧❡❞② ♥❛ tr❦❛↔ ♣r♦❞á✈❛♥ý ✈ ❷❘✳
❚❡❝❤♥✐❝❦é ú❞❛❥❡✿
❼ ❍♠♦t♥♦st ✭m✮ ❥❡ ♣➦✐❜❧✐➸♥➙ ✽ ❦❣✱
❼ ❙♣á❞♦✈á ✈ý➨❦❛ ✭H✮ s❡ ♣♦❤②❜✉❥❡ ♦❞ ✵✱✺ ❞♦ ✺ ♠✱
❼ ▼❛①✐♠á❧♥í ✈ýt❧❛↔♥á ✈ý➨❦❛ ✭h✮ ❥❡ ❛➸ ✹✵ ♠✱
❼ P➦í✈♦❞♥í ♣♦tr✉❜í ♠á ♣r♦✜❧ ✷✑✱
❼ ❱ýt❧❛↔♥é ♣♦tr✉❜í ♠á ♣r♦✜❧ ✸✴✹✑✱
❼ ❘♦③♠➙r② ✭✈✴➨✴❞✮ ❥s♦✉ ✹✺✵✴✶✹✵✴✷✹✵ ♠♠✳
❇♦↔♥í ♣♦❤❧❡❞ P♦❤❧❡❞ ♣♦ ♣r♦✉❞✉ ❤♥❛❝í ✈♦❞②
❖❜rá③❡❦ ✹✳✹✿ ❚r❦❛↔ ♣r♦❞á✈❛♥ý ✈ ❷❘
✶✶
✺ ▼é ♣➦❡✈③❛té ➦❡➨❡♥í
◆❛ ✐♥t❡r♥❡t✉ ❧③❡ ♥❛❥ít r➲③♥á ➦❡➨❡♥í ✈♦❞♥í❝❤ tr❦❛↔➲✱ ❦t❡rá ❥s♦✉ ✈➨❛❦ s❧♦➸✐tá ♥❛ s❡st❛✈❡♥í✳ ◆➙❦t❡ré ❞í❧②
t➙❝❤t♦ tr❦❛↔➲ s❡ t♦t✐➸ ♥❡❞❛❥í ③❛❦♦✉♣✐t✱ ❛ t✉❞í➸ s❡ ♠✉s❡❥í s❧♦➸✐t➙ ✈②rá❜➙t✳ ❚❛❦é ③ t♦❤♦t♦ ❞➲✈♦❞✉ ❥s❡♠
③❛↔❛❧ ❤❧❡❞❛t ♣♦❞ ❛♥❣❧✐❝❦ý♠ ♥á③✈❡♠ ✒r❛♠ ♣✉♠♣✑ ❛ ♥❛❧❡③❧ ❥s❡♠ ❥❡❞♥♦❞✉➨➨í ♥á✈♦❞✱ ❦t❡rý ③✈❧á❞♥✉ s❡str♦❥✐t
sá♠✳ P♦ ♣➦❡❧♦➸❡♥í ♥á③✈➲ ❛r♠❛t✉r ❞♦ ↔❡s❦é❤♦ ❥❛③②❦❛ ❥s❡♠ ♣➦✐➨❡❧ ♥❛ t♦✱ ➸❡ s❡ ♠✉sí ♣♦✉➸ít ❞✈❛❦rát st❡❥♥á
❛r♠❛t✉r❛ ♥❛ ♠íst♦ ✈ýt❧❛↔♥é❤♦ ✐ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉✳ ❆r♠❛t✉r❛ s❡ ♥❛③ý✈á ✒✈♦❞♦r♦✈♥á ③♣➙t♥á ❦❧❛♣❦❛✑✱ ❛♥✲
❣❧✐❝❦② ✒❝❤❡❝❦ ✈❛❧✈❡✑✳ ❱❡➨❦❡ré t✈❛r♦✈❦② ✈ ♥❛❧❡③❡♥é♠ ♥á✈♦❞✉ ❜②❧② ③ P❱❈ ❛ ❧❡♣✐❧② s❡ ♣♦♠♦❝í s♣❡❝✐á❧♥í❤♦
❧❡♣✐❞❧❛ ♥❛ P❱❈✳ ❚②t♦ t✈❛r♦✈❦② ♥❡❥s♦✉ ✈ ❷❡s❦é r❡♣✉❜❧✐❝❡ ❞♦st✉♣♥é ❛ t❛❦ ❥s❡♠ tr❦❛↔ ♣➦❡❞➙❧❛❧ ③ ♣♦③✐♥✲
❦♦✈❛♥ý❝❤ ✜t✐♥❦➲✳ ❚í♠ ✈③♥✐❦❧❛ ❦♦♥str✉❦❝❡ tr❦❛↔❡✱ ❦t❡rá ❜②❧❛ ♣♦✉➸✐t❛ ♣r♦ ③ás♦❜❡♥í tá❜♦r➲✳ P♦③❞➙❥✐ ❥s❡♠
③❥✐st✐❧✱ ➸❡ ✈ýt❧❛↔♥ý ✈❡♥t✐❧ s❡ ❞á ♥❛❤r❛❞✐t ❦❧❛s✐❝❦♦✉ ③♣➙t♥♦✉ ❦❧❛♣❦♦✉ s ♣r✉➸✐♥♦✉✱ ❦t❡rá ❥❡ ❞♦st✉♣♥➙❥➨í
❛ ❧❡✈♥➙❥➨í✳
P♦s❧❡❞♥í ♣➦❡❦á➸❦♦✉ ♣➦❡❞ s❡str♦❥❡♥í♠ ❜②❧♦ s❡❤♥❛t t❧❛❦♦✈♦✉ ♥á❞♦❜✉✳ ❚❧❛❦♦✈á ♥á❞♦❜❛ s❡ ❞á ❜✉↕
❦♦✉♣✐t✱ ♥❡❜♦ ✈②r♦❜✐t✳ ◆❛ ✈ýr♦❜✉ ♣♦st❛↔í ✷✑ ♦❝❡❧♦✈á tr✉❜❦❛ ✭♦♣❛t➦❡♥á ③á✈✐t②✮✱ ♦❝❡❧♦✈á ③á✈✐t♦✈á ③át❦❛ ❛
t❛❦é r❡❞✉❦❝❡ ♥❛ ♣♦t➦❡❜♥ý ♣r♦✜❧✳ Pr♦ ♣r✈♦t♥í ♦✈➙➦❡♥í ❢✉♥❦❝❡ ✈♦❞♥í❤♦ tr❦❛↔❡ ✭❦❛♣✐t♦❧❛ ✽✳✶✮ ❜②❧❛ ♣♦✉➸✐t❛
P❊❚ ❧á❤❡✈ ✭♦❜rá③❡❦ ✺✳✶✮✳
❖❜rá③❡❦ ✺✳✶✿ P♦✉➸✐tí P❊❚ ❧á❤✈❡ ♥❛ ♠íst♦ t❧❛❦♦✈é ♥á❞♦❜②
✺✳✶ ❚❡❝❤♥✐❝❦ý ♣♦♣✐s tr❦❛↔❡
▼é ♣➦❡✈③❛té ➦❡➨❡♥í ✈♦❞♥í❤♦ tr❦❛↔❡ ♠á ③❥❡❞♥♦❞✉➨❡♥♦✉ ❦♦♥str✉❦❝✐✱ ❦t❡rá ❧③❡ s❡st❛✈✐t ③ ❞♦st✉♣♥ý❝❤ t✈❛✲
r♦✈❡❦ ❛ ❛r♠❛t✉r✳ ❱♦❞❛ ♣r♦té❦á s♣♦❞♥í ↔ástí tr❦❛↔❡✱ ❦❞❡ ❞♦t❡↔❡ ❦ t❡♣❛❝í♠✉ ✈❡♥t✐❧✉ ✭✈♦❞♦r♦✈♥é ③♣➙t♥é
❦❧❛♣❝❡✮ ❛ ♣➦✐ ♣➦❡❦♦♥á♥í ✉r↔✐té r②❝❤❧♦st✐ str❤♥❡ ❦❧❛♣❦✉ s ♣r♦✉❞❡♠ ✈♦❞② ❛ tí♠ ❥✐ ✉③❛✈➦❡✱ ♥❛rá③ st♦✉♣♥❡
✈❡❧✐❝❡ r②❝❤❧❡ t❧❛❦ ✭♣r✐♥❝✐♣❡♠ ✈♦❞♥í❤♦ rá③✉✮ ❛ tí♠ ✈♦❞❛ ♣r♦t❡↔❡ ♣➦❡s ✈ýt❧❛↔♥ý ✈❡♥t✐❧ ✭③♣➙t♥♦✉ ❦❧❛♣❦✉✮✱
❦t❡rá ❥❡ ♥❛♠♦♥t♦✈á♥❛ ♦♣❛↔♥➙✱ ♥❡➸ t❡♣❛❝í ❦❧❛♣❦❛✳ ❚♦ ③♥❛♠❡♥á✱ ➸❡ ✈♦❞❛ ♣➦❡s ✈ýt❧❛↔♥♦✉ ❦❧❛♣❦✉ ♠➲➸❡
♣r♦té❝t ❞♦ t❧❛❦♦✈é ♥á❞♦❜②✱ ❛❧❡ ♥❡♠➲➸❡ ✉➸ ③♣➙t✳ P♦ ✉✈♦❧♥➙♥í t❧❛❦✉ s❡ t❡♣❛❝í ❦❧❛♣❦❛ ♦t❡✈➦❡✱ ↔í♠➸ s❡
❝②❦❧✉s ♦♣❛❦✉❥❡✳ ❱②t❧❛↔❡♥á ✈♦❞❛ ✈ t❧❛❦♦✈é ♥á❞♦❜➙ ❥❡ ♣♦st✉♣♥ý♠✐ ✒tr❦②✑ ♣♦s♦✉✈á♥❛ ❛➸ ❞♦ ③ás♦❜♥í ♥á✲
❞r➸❡ ✉♠íst➙♥é ♥❛ ♦❝❡❧♦✈é ❦♦♥str✉❦❝✐✳ ❷í♠ ❥❡ ✈➙t➨í ♦❜❥❡♠ t❧❛❦♦✈é ♥á❞♦❜②✱ tí♠ s❡ ③♠❡♥➨✉❥❡ t③✈✳ tr❦á♥í ❛
✈♦❞❛ ③ ✈ýt❧❛↔♥é ❤❛❞✐❝❡ ♠➲➸❡ ✈②té❦❛t ❦❧✐❞♥➙✱ ❜❡③ ♥á③♥❛❦✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♣✉❧③➲✳ ❱♦❞♦r♦✈♥á ③♣➙t♥á ❦❧❛♣❦❛
❥❡ ✈✐❞➙t ✈ ➦❡③✉ ✐ ✈ ♣♦❤❧❡❞✉ ♥❛ ♦❜rá③❦✉ ✺✳✷✳
P➦í✈♦❞♥í ♣♦tr✉❜í ❥❡ ❞❧♦✉❤é ✶✵ ♠✳ ❚❛t♦ ❞é❧❦❛ ❥❡ ✈♦❧❡♥❛ s ♦❤❧❡❞❡♠ ♥❛ ➨í➦❡♥í rá③♦✈é ✈❧♥②✱ ❦t❡ré ✈③♥✐❦♥❡
✶✷
✉③❛✈➦❡♥í♠ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉✳ ❱③❤❧❡❞❡♠ ❦ ➨í➦❡♥í rá③♦✈é ✈❧♥② ✈ ♣➦í✈♦❞♥í♠ ♣♦tr✉❜í ❜② ❜②❧♦ ✈❤♦❞♥➙❥➨í
③✈♦❧✐t ♦❝❡❧♦✈é ♣♦tr✉❜í✳ P♦tr✉❜í ❥❡ ❛❧❡ ♥✉t♥é t❛❦é ♦s❛❞✐t ❞♦ ♣♦t♦❦❛ ❛ ❥❡ ✈❤♦❞♥é✱ ❦❞②➸ s❡ s ♥í♠ ❞á
s♥❛❞♥♦ ♠❛♥✐♣✉❧♦✈❛t✳ ❩ t➙❝❤t♦ ❞➲✈♦❞➲ ❜②❧ ❥❛❦♦ ♠❛t❡r✐á❧ ♣r♦ ♣➦í✈♦❞♥í ♣♦tr✉❜í ③✈♦❧❡♥ P♦❧②❡t❤②❧❡♥✱ ❦t❡rý
s❡ ❞♦❞á✈á ✈❡ s✈✐t❝í❝❤✳
❉❛❧➨í ❞➲❧❡➸✐t♦✉ ↔ástí ❝❡❧é❤♦ s②sté♠✉ ❥❡ ♦♣❛t➦❡♥í ♥❛ ✈t♦❦✉✱ ❦t❡ré s♣♦↔í✈á ✈ ❥❡❞♥♦❞✉❝❤é♠ ✜❧tr✉✳ ❏❛❦♦
✜❧tr❛↔♥í ♠❛t❡r✐á❧ ♣r♦t✐ ❤r✉❜➨í♠ ♥❡↔✐st♦tá♠ ❥❡ ③✈♦❧❡♥ ❥❡♠♥á t❡①t✐❧♥í t❦❛♥✐♥❛✳ ◆❛ ✈t♦❦✉ ❞♦ ♣➦í✈♦❞♥í
❤❛❞✐❝❡ ❥❡ ✈②t✈♦➦❡♥❛ ❦♦♥str✉❦❝❡ ③ ❞rát➲✳ ◆❛ ♥í ❥❡ ♣➦✐♣❡✈♥➙♥❛ ✜❧tr❛↔♥í t❦❛♥✐♥❛✳ ❋✐❧tr ❥❡ ✈❡❧✐❝❡ ❞➲❧❡➸✐tý
❛ t♦ ③❡❥♠é♥❛ ♣➦✐ ❞❡➨tí❝❤✳ P♦❦✉❞ ❜② s❡ ❞♦ tr❦❛↔❡ ❞♦st❛❧❛ ♥➙❥❛❦á ✈➙t➨í ♥❡↔✐st♦t❛✱ t❛❦ ❜② ❦❧❛♣❦② ♥❡♠✉s❡❧②
❞♦s❡❞❛t ♥❛ s✈á ❣✉♠♦✈á s❡❞❧❛✱ tí♠ ❜② ♥❡t➙s♥✐❧② ❛ ♥❡✈③♥✐❦❧ ❜② ✈♦❞♥í rá③✳ ❚❛❦é ❜② s❡ ♠♦❤❧♦ stát✱ ➸❡ ❜②
s❡ ♥❡↔✐st♦t② ✉s❛❞✐❧② ♥➙❦❞❡ ✉✈♥✐t➦ ❦♦♥str✉❦❝❡ ❛ tí♠ ❜② s♥í➸✐❧② ♣r➲t♦↔♥♦✉ ♣❧♦❝❤✉✳
Pr♦ ❛♥❛❧ý③✉ ✈♦❞♥í❝❤ tr❦❛↔➲✱ ❦t❡ré s❡ ❞❛❥í ♣♦✉➸ít ♥❛ ❧❡t♥í❝❤ tá❜♦r❡❝❤✱ ❜②❧② ♣♦✉➸✐t② ❛ s❡str♦❥❡♥②
✸ r♦③♠➙r② tr❦❛↔➲✳
❱♦❞♥í tr❦❛↔ s❡ s❦❧á❞á ③✿
❼ P➦í✈♦❞♥í P❊ ♣♦tr✉❜í ❞é❧❦② ✶✵ ♠✱
❼ ❘❡❞✉❦❝❡ P❊✲✈♥➙❥➨í ③á✈✐t✱
❼ ❑✉❧♦✈ý ✈❡♥t✐❧ s ✈♥✐t➦♥í♠✐ ③á✈✐t②✱
❼ P♦③✐♥❦♦✈❛♥á ✈s✉✈❦❛ ✱
❼ P♦③✐♥❦♦✈❛♥ý ❚✲❦✉s ✱
❼ P♦③✐♥❦♦✈❛♥é ❦♦❧❡♥♦ ✾✷➦✱
❼ ❱♦❞♦r♦✈♥á ③♣➙t♥á ❦❧❛♣❦❛ s ✈♥✐t➦♥í♠✐ ③á✈✐t② ✭♦❜rá③❡❦ ✺✳✷✮✱
❼ ❉r✉❤á ✈♦❞♦r♦✈♥á ③♣➙t♥á ❦❧❛♣❦❛ ♥❡❜♦ ③♣➙t♥á ❦❧❛♣❦❛ s ♣r✉➸✐♥♦✉✱
❼ ❚❧❛❦♦✈á ♥á❞♦❜❛✱
❼ ▼♦s❛③♥ý ❤❛❞✐↔♥í❦ s ✈♥➙❥➨í♠ ③á✈✐t❡♠✳
➄❡③ P♦❤❧❡❞
❖❜rá③❡❦ ✺✳✷✿ ❱♦❞♦r♦✈♥á ③♣➙t♥á ❦❧❛♣❦❛
✶✸
✺✳✷ ❘♦③♠➙r② ❛ t②♣② s❡str♦❥❡♥ý❝❤ tr❦❛↔➲
❖tá③❦❛ ❥❛❦♦✉ ③✈♦❧✐t ❞✐♠❡♥③✐ ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í ❛ ❦❧❛♣❡❦ tr❦❛↔❡ ♠➙ ③❛❥í♠❛❧❛ ✉➸ ♦❞ ③❛↔át❦✉✳ ❏❛❦♦ ♣r✈♥í
❜②❧❛ s❡str♦❥❡♥❛ ♥❡❥♠❡♥➨í ♠♦➸♥á ✈❡r③❡ ✈♦❞♥í❤♦ tr❦❛↔❡✳ ❇②❧ t♦ tr❦❛↔✱ ❦t❡rý ♠➙❧ ♣➦í✈♦❞♥í ♣♦tr✉❜í ✸✴✹✑✳
P♦ ♣r✈♥í♠ ③❦♦✉➨❡♥í ❥s❡♠ ③❥✐st✐❧✱ ➸❡ tr❦❛↔ ♣❧♥í ú↔❡❧ ❛ ↔❡r♣á ✈♦❞✉✳ ❷❡r♣❛♥é ♠♥♦➸st✈í ❜②❧♦ ❛❧❡ ♠❛❧é ❛ t❛❦
❥s❡♠ ♣♦st✉♣♥➙ ✈②③❦♦✉➨❡❧ ✐ ✈♦❞♥í tr❦❛↔ ✶✑✱ ❦t❡rý ↔❡r♣❛❧ ✉➸ ✈♦❞② ✈í❝❡ ❛ t❛❦é ✶ ❛ ✶✴✹✑✱ ❦t❡rý s♣❧➡♦✈❛❧ ♠é
♣♦➸❛❞❛✈❦②✳
❱③❤❧❡❞❡♠ ❦ ♦❞❧✐➨♥é ❦♦♥str✉❦❝✐ ❜②❧♦ ③❛✈❡❞❡♥♦ ❞➙❧❡♥í ♥❛ ✒♥í③❦é ❛ ✈②s♦❦é✑ tr❦❛↔❡✳ ❚②t♦ ❦♦♥str✉❦❝❡
s❡ ♦❞ s❡❜❡ ❧✐➨í ❤❧❛✈♥➙ ✈ ✉s♣♦➦á❞á♥í ✈❡♥t✐❧➲✳ ❯ ✒♥í③❦é✑ ✈❛r✐❛♥t② ❥❡ ✈ýt❧❛↔♥ý ✈❡♥t✐❧ ❛➸ ③❛ t❡♣❛❝í♠✱ ③❛✲
tí♠❝♦ ✉ ✒✈②s♦❦é✑ ❥❡ t♦ ♣rá✈➙ ♥❛♦♣❛❦✳ ❖③♥❛↔❡♥í ❥❡ ♦❞✈♦③❡♥♦ ♦❞ ✈ý➨❦② ♦s❛③❡♥í t❧❛❦♦✈é ♥á❞♦❜②✳ P➦✐ ✒♥í③❦é✑
✈❛r✐❛♥t➙ ❥❡ ✈ýt❧❛↔♥ý ✈❡♥t✐❧ ✈♦❞♦r♦✈♥➙ ❛ t✉❞í➸ t❧❛❦♦✈á ♥á❞♦❜❛ ♥í➸✱ ♥❡➸ ❦❞②➸ ❥❡ ✈ýt❧❛↔♥ý ✈❡♥t✐❧ s✈✐s❧❡ ✭♣♦❞
♥á❞♦❜♦✉✮✳ ❘♦③❞í❧ ❥❡ t❛❦é ✈❡ ✈ý➨❦♦✈é♠ ✉♠íst➙♥í ✈ýt❧❛↔♥é❤♦ ♣♦tr✉❜í✳ ❯ ✒♥í③❦é✑ ❦♦♥str✉❦❝❡ ❥❡ ✈ýt❧❛↔♥é
♣♦tr✉❜í ♥❛ úr♦✈♥✐ ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í ❛ ✉ ✒✈②s♦❦é✑ ♠❛❥í t❛t♦ ♣♦tr✉❜í r➲③♥á ✈ý➨❦♦✈á ✉s♣♦➦á❞á♥í✳ ❘♦③❞í❧
❦♦♥str✉❦❝í ❥❡ ♣❛tr♥ý ③ ♦❜rá③❦✉ ✺✳✸✳
❖❜rá③❡❦ ✺✳✸✿ ◆í③❦á ❦♦♥str✉❦❝❡ tr❦❛↔❡ ✭✈❧❡✈♦✮ ❛ ✈②s♦❦á ❦♦♥str✉❦❝❡ tr❦❛↔❡ ✭✈♣r❛✈♦✮
✺✳✷✳✶ ❱♦❞♥í tr❦❛↔ ✒♥í③❦ý✑ ✸✴✹✑ ♥❛ ✶✴✷✑
❏❛❦♦ ♣r✈♥í ❥s❡♠ s❡str♦❥✐❧ tr❦❛↔✱ ❦t❡rý ♠á ♣➦í✈♦❞♥í ♣♦tr✉❜í ❉◆ ✷✺ ❛ ✈ýt❧❛↔♥é ♣♦tr✉❜í ❉◆ ✶✸✳ P➦í✈♦❞♥í
♣♦tr✉❜í ❥❡ ③r❡❞✉❦♦✈❛♥é ♥❛ ③á✈✐t ✸✴✹✑ ❛ ♠á ❦♦♥str✉❦❝✐ t③✈✳ ✒♥í③❦é❤♦✑ ✈♦❞♥í❤♦ tr❦❛↔❡✳ ❚❡♥t♦ t②♣ ❥❡ ♥❛ ♦❜✲
rá③❦✉ ✺✳✹✳ ◆❛ ♦❜rá③❦✉ ✺✳✺ ❥❡ ✈✐❞➙t ❞❡t❛✐❧ ✉s♣♦➦á❞á♥í ❦❧❛♣❡❦ ♥í③❦é ❦♦♥str✉❦❝❡✳ ◆❛ ❥❡❤♦ st❛✈❜✉ ❜②❧♦ ♣♦✲
✉➸✐t♦ ✷① ❚✲❦✉s ✸✴✹✑✱ ✸① ✈s✉✈❦❛ ✸✴✹✑✱ ❘❡❞✉❦❝❡ P❊✲✈♥➙❥➨í ③á✈✐t ✷✺✲✸✴✹✑✱ ❑✉❧♦✈ý ✈❡♥t✐❧ ✸✴✹✑✱ ✈♦❞♦r♦✈♥á
③♣➙t♥á ❦❧❛♣❦❛ ✸✴✹✑✱ ③♣➙t♥á ❦❧❛♣❦❛ ♣r✉➸✐♥♦✈á ✸✴✹✑✱ r❡❞✉❦❝❡ ♥❛ ❤❛❞✐❝✐ ✶✴✷✑✱ r❡❞✉❦❝❡ ✸✴✹✑ ♥❛ ✶✴✷✑ ❛ t❛❦é
✈②r♦❜❡♥á t❧❛❦♦✈á ♥á❞♦❜❛ ✭✷✑ tr✉❜❦❛✱ r❡❞✉❦❝❡ ✷✑ ♥❛ ✸✴✹✑✱ ✈s✉✈❦❛ ✸✴✹✑ ❛ ✷✑ ③át❦❛✮✳
P➦✐ ♣r✈♥í♠ ♣♦❦✉s✉ ❥s❡♠ ❜②❧ ♣➦❡❦✈❛♣❡♥✱ ➸❡ t❛t♦ t❡❝❤♥♦❧♦❣✐❡ ✈➲❜❡❝ ❢✉♥❣✉❥❡ ❛ ↔❡r♣á ❛❧❡s♣♦➡ ♥➙❥❛❦♦✉
✈♦❞✉✳ ❉á❧❡ ❥s❡♠ ③❦♦✉➨❡❧ ✉♣r❛✈♦✈❛t ❞✐♠❡♥③❡ ❛❜②❝❤ ❞♦sá❤❧ ❧❡♣➨í❝❤ ✈ýs❧❡❞❦➲ ↔❡r♣❛♥é❤♦ ♠♥♦➸st✈í ✈♦❞② q
♣➦✐ ♠❛❧é s♣á❞♦✈é ✈ý➨❝❡ H✱ ❦t❡rá ❥❡ ♥❛ tá❜♦r❡❝❤ ❦ ❞✐s♣♦③✐❝✐✳
✶✹
❖❜rá③❡❦ ✺✳✹✿ ❱♦❞♥í tr❦❛↔ ✒♥í③❦ý✑ ✸✴✹✑ ♥❛ ✶✴✷✑
❖❜rá③❡❦ ✺✳✺✿ ❉❡t❛✐❧ ❦❧❛♣❡❦ ✒♥í③❦é❤♦✑ tr❦❛↔❡ ✸✴✹✑ ♥❛ ✶✴✷✑
✺✳✷✳✷ ❱♦❞♥í tr❦❛↔ ✒✈②s♦❦ý✑ ✶✑ ♥❛ ✶✴✷✑
❱ ❞❛❧➨í ❢á③✐ s❡ ♣♦❞❛➦✐❧♦ ③✈ý➨✐t ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞② q ❞í❦② ♣➦í✈♦❞♥í♠✉ ♣♦tr✉❜í ♣r♦✜❧✉ ❉◆ ✸✷ ❛ ❦♦♥✲
str✉❦❝✐ t③✈✳ ✒✈②s♦❦é❤♦✑ tr❦❛↔❡✳ ❩❞❡ ❥❡ ✈♦❞❛ ♣➦✐✈á❞➙♥❛ ♣♦❞ úr♦✈♥í t❡♣❛❝í❤♦ ✈❡♥t✐❧✉ ❛ ↔❡r♣á♥❛ ❛➸ ♥❛❞
❥❡❤♦ úr♦✈♥í✳ P♦➦❛❞í ❦❧❛♣❡❦ ✈ ♣♦r♦✈♥á♥í s ♥í③❦ý♠ t②♣❡♠ ❥❡ ♣➦❡❤♦③❡♥♦✳
✶✺
❱ýs❧❡❞❦❡♠ ❥❡ ❦♦♥str✉❦❝❡✱ ❦t❡rá s❡ s❦❧á❞á ③ r❡❞✉❦❝❡ P❊✲✈♥➙❥➨í ③á✈✐t ✸✷ ♥❛ ✶✑✱ ❦✉❧♦✈é❤♦ ✈❡♥t✐❧✉ ✶✑✱ ✺①
✈s✉✈❦② ✶✑✱ ❚✲❦✉s✉ ✶✑✱ ❦♦❧❡♥❛ ✾✷➦ ✶✑✱ ✈♦❞♦r♦✈♥é ③♣➙t♥é ❦❧❛♣❦② ✶✑✱ ③♣➙t♥é ❦❧❛♣❦② s ♣r✉➸✐♥♦✉ ✶✑✱ ❚✲❦✉s✉
r❡❞✉❦♦✈❛♥é❤♦ ✶✑ ♥❛ ✶✴✷✑✱ r❡❞✉❦❝❡ ♥❛ ❤❛❞✐❝✐ ✶✴✷✑ ❛ t❛❦é ③ ✈②r♦❜❡♥é t❧❛❦♦✈é ♥á❞♦❜② ✭✷✑ tr✉❜❦❛✱ r❡❞✉❦❝❡
✷✑ ♥❛ ✶✑✱ ✈s✉✈❦❛ ✶✑ ❛ ✷✑ ③át❦❛✮✳ ❈❡❧á ❦♦♥str✉❦❝❡ ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✺✳✻✳
❖❜rá③❡❦ ✺✳✻✿ ❱♦❞♥í tr❦❛↔ ✒✈②s♦❦ý✑ ✶✑ ♥❛ ✶✴✷✑
✺✳✷✳✸ ❱♦❞♥í tr❦❛↔ ✒✈②s♦❦ý✑ ✶ ✶✴✹✑ ♥❛ ✶✴✷✑
◆❛ ③á✈➙r ❜②❧ ✈②r♦❜❡♥ ♥❡❥✈➙t➨í tr❦❛↔✱ ❦t❡rý ❥❡ ✈✐❞➙t ♦❜rá③❦✉ ✺✳✼✳ ❉❡t❛✐❧ ❥❡❤♦ ❦❧❛♣❡❦ ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✽✳
P➦í✈♦❞♥í ♣♦tr✉❜í ♠á ♣r♦✜❧ ❉◆ ✹✵ ❛ ♥❛ ✈ýt❧❛↔♥é♠ ♣♦tr✉❜í ③➲st❛❧❛ ❤❛❞✐❝❡ ♣r♦✜❧✉ ❉◆ ✶✸✳ ❚❡♥t♦ tr❦❛↔
↔❡r♣á ✈♦❞✉ ❦♦♥t✐♥✉á❧♥➙✱ ❜❡③ ♥á③♥❛❦✉ ❥❡❞♥♦t❧✐✈ý❝❤ ♣✉❧③➲✱ ♣r♦t♦➸❡ ❥❡ ♦s❛③❡♥ t❧❛❦♦✈♦✉ ♥á❞♦❜♦✉✱ ❦t❡rá
ú↔✐♥♥➙ t❧✉♠í ❡❢❡❦t ✒tr❦➲✑ ❛ st❛❜✐❧✐③✉❥❡ ♣r➲t♦❦ ✈❡ ✈ýt❧❛↔♥é♠ ♣♦tr✉❜í✳
❚❡♥t♦ tr❦❛↔ ♠á t❛❦é ♥❡❥✈í❝❡ ③❞♦❦♦♥❛❧❡♥♦✉ ❦♦♥str✉❦❝✐ ✈➲↔✐ ❞✈♦✉ ♣➦❡❞❝❤♦③í♠ tr❦❛↔➲♠✳ ❏❡ ♦s❛③❡♥
❦❧❛s✐❝❦♦✉ t❧❛❦♦✈♦✉ ♥á❞♦❜♦✉ s ♦t✈♦r❡♠ ♣r♦ ✈ýt❧❛↔♥é ♣♦tr✉❜í✱ t✉❞í➸ ❥❡ ③❞❡ ❡❧✐♠✐♥♦✈á♥ ú♥✐❦ t❧❛❦✉ ❛
t❛❦é ❥❡ ✈❤♦❞♥➙ ♦s❛③❡♥ ♠❛♥♦♠❡tr❡♠✳ ❱ý❦r❡s ❥❡ ♥❛ ♦❜rá③❦✉ ✺✳✾✳
❙❦❧á❞á s❡ ③ r❡❞✉❦❝❡ P❊✲✈♥➙❥➨í ③á✈✐t ✹✵ ♥❛ ✶ ✶✴✹✑✱ ❦✉❧♦✈é❤♦ ✈❡♥t✐❧✉ ✶ ✶✴✹✑✱ ✸① ✈s✉✈❦② ✶ ✶✴✹✑✱ ❚✲❦✉s✉
✶ ✶✴✹✑✱ ❦♦❧❡♥❛ ✾✷➦ ✶ ✶✴✹✑✱ ✈♦❞♦r♦✈♥é ③♣➙t♥é ❦❧❛♣❦② ✶ ✶✴✹✑✱ ③♣➙t♥é ❦❧❛♣❦② s ♣r✉➸✐♥♦✉ ✶ ✶✴✹✑✱ r❡❞✉❦❝❡
♥❛ ❤❛❞✐❝✐ ✶✴✷✑ ❛ t❧❛❦♦✈é ♥á❞♦❜② s ♠❛♥♦♠❡tr❡♠✳
✶✻
❈❡❧❦♦✈ý ♣♦❤❧❡❞ ❉❡t❛✐❧ ✈ýt♦❦➲
❖❜rá③❡❦ ✺✳✼✿ ❱♦❞♥í tr❦❛↔ ✒✈②s♦❦ý✑ ✶ ✶✴✹✑ ♥❛ ✶✴✷✑
❖❜rá③❡❦ ✺✳✽✿ ❉❡t❛✐❧ ❦❧❛♣❡❦ ✒✈②s♦❦é❤♦✑ tr❦❛↔❡ ✶ ✶✴✹✑ ♥❛ ✶✴✷✑
✶✼
❖❜rá③❡❦ ✺✳✾✿ ❱ý❦r❡s ✈♦❞♥í❤♦ tr❦❛↔❡ ✈ ❞✐♠❡♥③✐ ✶ ✶✴✹✑ ♥❛ ✶✴✷✑
✶✽
✻ ❩ás♦❜❡♥í tá❜♦r❛ ✈♦❞♦✉
❈❡❧ý s②sté♠ ❥❡ ♥❛✈r➸❡♥ t❛❦✱ ❛❜② ❢✉♥❣♦✈❛❧ ❜❡③ ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡✱ ♥❡❜♦➫ s❦❛✉ts❦ý tá❜♦r ✶✺✳ ♦❞❞í❧✉
P♦✉t♥í❦➲ ③ ❖❧♦♠♦✉❝❡ ♥❡❞✐s♣♦♥✉❥❡ ❡❧❡❦tr✐❝❦♦✉ ♣➦í♣♦❥❦♦✉✳ ❱♦❞❛ ❥❡ ❞♦♣r❛✈❡♥❛ ♣♦♠♦❝í ♣♦❧②❡t❤②❧❡♥♦✈é❤♦
♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í ♣r♦✜❧✉ ❉◆ ✹✵ ❞♦ ✈♦❞♥í❤♦ tr❦❛↔❡ ✭❦❛♣✐t♦❧❛ ✺✳✷✳✸✮✱ ❦t❡rý ↔ást ✈♦❞② ✈②t❧❛↔í ♣♦♠♦❝í
♠❛❧ý❝❤ ✒tr❦➲✑ ❞♦ ③ás♦❜♥í ♥á❞r➸❡ ✭✈í❝❡ ✈ ❦❛♣✐t♦❧❡ ✻✳✶✮✳ ◆á❞r➸ ❥❡ ♦❞ tr❦❛↔❡ ✈③❞á❧❡♥á ❝❝❛ ✹✺✱✸ ♠ ❛ ❥❡❥í
✈②✉➸✐t❡❧♥ý ♦❜❥❡♠ ❥❡ ✶ ♠✸✳ ❏❡❧✐❦♦➸ tr❦❛↔✱ ❥❡❤♦➸ ③❛♣♦❥❡♥í ❞♦ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛ ❥❡ ♥❛ ♦❜rá③❦✉ ✻✳✷✱ ↔❡r♣á
✈♦❞✉ ♥❡♣➦❡tr➸✐t➙✱ t❛❦ ③ás♦❜♥í ♥á❞r➸ ♠✉sí ❜ýt ♦♣❛t➦❡♥❛ ❜❡③♣❡↔♥♦st♥í♠ ♣➦❡❧✐✈❡♠✳ ◆á❞r➸ t❛❦ t✈♦➦í ♠❛❧ý
✈♦❞♦❥❡♠ ♥❛ ✉➸✐t❦♦✈♦✉ ✈♦❞✉✳ ❖❞t✉❞ ❥❡ ✈♦❞❛ r♦③✈❡❞❡♥❛ ❣r❛✈✐t❛↔♥➙ ❞♦ s♣♦t➦❡❜✐➨t➙ ✭tá❜♦r❛✮✳ ❩ás♦❜♥í
♥á❞r➸ ❥❡ ✉♠íst➙♥á ♥❛ ♦❝❡❧♦✈é ❦♦♥str✉❦❝✐ ✭♦❜rá③❡❦ ✻✳✹✮✱ ❦❞❡ ❥❡ t❛❦é ✉♠íst➙♥ ♦❤➦í✈❛↔ ✈♦❞② ♣r♦ s♣r❝❤✉
s ♦❜❝❤♦❞♥í♠ ♥á③✈❡♠ ✒❇r✉t❛r✑✳ ❇r✉t❛r ❥❡ s ♥á❞r➸í s♣♦❥❡♥ ♣♦tr✉❜í♠✱ t❛❦➸❡ ③❞❡ ✈③♥✐❦❛❥í t③✈✳ s♣♦❥❡♥é
♥á❞♦❜② ❛ ✈②r♦✈♥á✈❛❥í s❡ ❤❧❛❞✐♥② ✈♦❞②✳ ❱ý➨❦♦✈é s❝❤é♠❛ ③ás♦❜♦✈á♥í ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✻✳✶✳
❖❜rá③❡❦ ✻✳✶✿ ❱ý➨❦♦✈é s❝❤é♠❛ ③ás♦❜♦✈á♥í
P♦❞ ❦♦♥str✉❦❝í✱ ❦t❡rá ♠á ✈ý➨❦✉ ✷ ♠ ❥❡ ✉♠íst➙♥❛ s♣r❝❤♦✈á r➲➸✐❝❡ ❛ s♠➙➨♦✈❛❝í ❜❛t❡r✐❡ ❞♦ ❦t❡ré
❥❡ ♣➦✐✈❡❞❡♥❛ t❡♣❧á ❛ st✉❞❡♥á ✈♦❞❛✳ ❉❛❧➨í♠ s♣♦t➦❡❜♥í♠ ♠íst❡♠ ❥❡ ✉♠ý✈ár♥❛ ✭✈í❝❡ ✈ ❦❛♣✐t♦❧❡ ✻✳✸✮
s ❞✈❛♥á❝t✐ ✈ýt♦❦♦✈ý♠✐ ❦♦❤♦✉t② ♣r♦ ♠②tí r✉❦♦✉✳ P♦s❧❡❞♥í♠ ♠íst❡♠ ♦❞❜➙r✉ ❥❡ ✈♦❞♦✈♦❞♥í ❜❛t❡r✐❡ ✉
❦✉❝❤②➡s❦é❤♦ ❞➦❡③✉ ✭❦❛♣✐t♦❧❛ ✻✳✹✮✳ ❘♦③✈♦❞② ✈♦❞② ♣♦ tá❜♦➦❡ ❥s♦✉ ③❤♦t♦✈❡♥② ③❡ ③❛❤r❛❞♥í❝❤ ❤❛❞✐❝ ♣r♦✜❧✉
❉◆ ✶✸✳
❖❞❜➙r ✈♦❞② P➦í✈♦❞♥í ♣♦tr✉❜í ❱♦❞♥í tr❦❛↔
❖❜rá③❡❦ ✻✳✷✿ ◆❛♣♦❥❡♥í ✈♦❞♥í❤♦ tr❦❛↔❡ ❞♦ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛
✶✾
✻✳✶ ❩ás♦❜♥í ♥á❞r➸ ❛ tr✉❜♥í r♦③✈♦❞
P➦í✈♦❞♥í ♣♦tr✉❜í ❥❡ ✈❡❞❡♥♦ ✈ ❦♦r②t➙ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛✱ ♥❛ ✈t♦❦✉ ❥❡ ③❛❜✉❞♦✈á♥♦ ❞♦ ❤rá③❦② ♣➦❡s ♣♦✲
t♦❦✳ ❱♦❞❛ ❥❡ ♣➦✐✈á❞➙♥❛ ❞♦ ✈♦❞♥í❤♦ tr❦❛↔❡ ♣♦tr✉❜í♠ ♦ ❞é❧❝❡ ✾✱✼✸ ♠ ❛ s♣á❞♦✈é ✈ý➨❝❡ ✵✱✹✶✾ ♠✳ ❩ ✈♦❞♥í❤♦
tr❦❛↔❡ ✈❡❞❡ ✈ýt❧❛↔♥é ♣♦tr✉❜í ❞❧♦✉❤é ✺✵ ♠✱ ❦t❡ré ❥❡ ♣➦✐✈❡❞❡♥♦ ❞♦ tr✉❜♥í❤♦ r♦③✈♦❞✉ ❛ t❡♥ ❥❡ ✉♠íst➙♥
♥❛ ❦♦♥str✉❦❝✐ s♣r❝❤②✳ ❱ýt❧❛↔♥á ✈ý➨❦❛ tr❦❛↔❡ ❥❡ ✈ r♦③♠❡③í ✷✱✷✹ ❛➸ ✸✱✶✹ ♠ ✭❞❧❡ ♣♦❧♦❤② ❤❧❛❞✐♥② ✈ ♥á✲
❞r➸✐✮✳ ❱♦❞❛ r♦③✈♦❞❡♠ ♥❛té❦á ❞♦ ③ás♦❜♥í ♥á❞r➸❡ ♥❡❜♦ r♦✈♥♦✉ ❞♦ s♣♦t➦❡❜✐➨t➙ ✭♣♦❦✉❞ ❥❡ ♣rá③❞♥á ♥á❞r➸
❛ s♣♦t➦❡❜✐➨t➙ ✈②➸❛❞✉❥❡ ✈♦❞✉✮✳ P➦✐ ✈❡❧❦é♠ ♠♥♦➸st✈í ✈♦❞② ✭♣➦✐❜❧✐➸♥➙ ✾✵✵ ❧✮ ❥❡ ✈♦❞❛ ♦❞✈á❞➙♥❛ ♣➦❡s ♣➦❡♣❛❞
❞♦ ♣♦t♦❦❛✳ P➦❡♣❛❞ t✈♦➦í s✈✐s❧á ♦❝❡❧♦✈á ♣♦③✐♥❦♦✈❛♥á tr✉❜❦❛ ♦ ❞é❧❝❡ ✾✵ ❝♠ ③❛❦♦♥↔❡♥á ❦♦❧❡♥❡♠ ♥❛♣♦❥❡✲
♥ý♠ ♥❛ ③❛❤r❛❞♥í ❤❛❞✐❝✐✳ P♦❦✉❞ ♣♦t➦❡❜✉❥❡♠❡ ♥❛♣✉st✐t ❇r✉t❛r ♥❛ ♦❤➦❡✈ t❡♣❧é ✈♦❞②✱ t❛❦ st❛↔í ♦t❡✈➦ít
♣r♦♣♦❥♦✈❛❝í ✈❡♥t✐❧ ✭♦❜rá③❡❦ ✻✳✸✮ ❛ ✈♦❞❛ ♥❛t❡↔❡ ③❡ ③ás♦❜♥í ♥á❞r➸❡ ❞♦ ❇r✉t❛r✉✳
❖❜rá③❡❦ ✻✳✸✿ ❚r✉❜♥í r♦③✈♦❞
❱ý♣✐s t✈❛r♦✈❡❦ ❛ ❛r♠❛t✉r✿
❼ ✻① ♣♦③✐♥❦♦✈❛♥ý ❚✲❦✉s ✸✴✹✑✱
❼ ✹① ♣♦③✐♥❦♦✈❛♥á tr✉❜❦❛ ✸✴✹✑✱ ❞é❧❦❛ ✾✵ ❝♠✱
❼ ✹① ♣♦③✐♥❦♦✈❛♥é ❦♦❧❡♥♦ ✾✷➦ ✸✴✹✑ ✭✈♥➙❥➨í✲✈♥✐t➦♥í ③á✈✐t✮✱
❼ ✹① ♣♦③✐♥❦♦✈❛♥á ✈s✉✈❦❛ ✸✴✹✑✱
❼ ✷① ♠♦s❛③♥á ✈s✉✈❦❛ ✸✴✹✑✱
❼ ✶① ❦✉❧♦✈ý ✈❡♥t✐❧ ✸✴✹✑✱
❼ ✸① ♠♦s❛③♥ý ❤❛❞✐↔♥í❦ s ✈♥➙❥➨í♠ ③á✈✐t❡♠ ✸✴✹✑ ✲ ✶✾ ♠♠✱
❼ ✸① ♠♦s❛③♥á r❡❞✉❦❝❡ ✸✴✹✑ ✈♥➙❥➨í ③á✈✐t ♥❛ ✶✴✷✑ ✈♥✐t➦♥í ③á✈✐t✱
❼ ✸① ♠♦s❛③♥ý ❤❛❞✐↔♥í❦ s ✈♥➙❥➨í♠ ③á✈✐t❡♠ ✶✴✷✑ ✲ ✶✸ ♠♠✳
❏❛❦♦ ③ás♦❜♥í ♥á❞r➸ ❜②❧ ③✈♦❧❡♥ ■❇❈ ❦♦♥t❡❥♥❡r ❛ t♦ ❤❧❛✈♥➙ ③ ❞➲✈♦❞✉ ❥❡❤♦ ♦❜❥❡♠✉ ✭✶ ♠✸✮✱ ❦t❡rý ✈②❝❤á③í
③ ✈ý♣♦↔t✉ ♣♦t➦❡❜② ✈♦❞② ✈ ❦❛♣✐t♦❧❡ ✽✳✷✳ ❖❜❥❡♠ ✈♦❞② ❜② s❡ ♠➙❧ ♣♦❤②❜♦✈❛t ♠❡③✐ ✹✵✵ ✲ ✽✵✵ ❧✳ ❙♦✉↔ástí
■❇❈ ❦♦♥t❡❥♥❡r✉ ❥❡ ✈♥➙❥➨í ❦♦str❛ ③ ✉➨❧❡❝❤t✐❧é ♦❝❡❧✐ ❛ ❞➦❡✈➙♥á ♣❛❧❡t❛ ♦ r♦③♠➙r✉ ✶✴✶✱✷ ♠✳ ❙❛♠♦t♥♦✉ ♥á❞♦❜✉
❦♦♥t❡❥♥❡r✉ t✈♦➦í t✉❤ý ♣♦❧②❡t❤②❧❡♥✳ ◆❡❞í❧♥ý♠✐ s♦✉↔ást♠✐ ❥s♦✉ ✈ý♣✉st♥ý ✈❡♥t✐❧ ❛ ✈í❦♦ ♥á❞r➸❡✳
✷✵
✻✳✷ ❑♦♥str✉❦❝❡ s♣r❝❤②
❑♦♥str✉❦❝❡ s♣r❝❤② ♠á ❞✈❛ ③♣➲s♦❜② ✈②✉➸✐tí✳ ❍❧❛✈♥í ❢✉♥❦❝í ❥❡ t♦✱ ➸❡ ✈②t✈á➦í ❞♦st❛t❡↔♥ý s♣á❞ ♣r♦ ❣r❛✲
✈✐t❛↔♥í r♦③✈♦❞ ✈♦❞② ❞♦ s♣♦t➦❡❜✐➨t➙✳ ❑♦♥str✉❦❝❡ t❛❦é ❞♦❜➦❡ ♣♦s❧♦✉➸í ♣r♦ ✉♠íst➙♥í s♣r❝❤②✱ ♣r♦t♦➸❡ ❥❡ ❥❡❞✲
♥♦❞✉❝❤é ❥✐ ♦♣❧á➨t✐t ❛ ♥❡✈③♥✐❦❛❥í ③❞❡ ✈❡❧❦é t❧❛❦♦✈é ❛ t❡♣❧♦t♥í ③trát②✳ P♦❦✉❞ ❜② s❡ s♣r❝❤❛ ✉♠íst✐❧❛ ❞á❧❡
♦❞ ③❞r♦❥❡ t❡♣❧é ❛ st✉❞❡♥é ✈♦❞②✱ t❛❦ ❜② ♠♦❤❧② ✈③♥✐❦❛t ❥✐➸ ③♠í♥➙♥é ③trát②✳
◆❛ ❦♦♥str✉❦❝✐ ❥❡ ✉♠íst➙♥❛ ③ás♦❜♥í ♥á❞r➸✱ ❇r✉t❛r ❛ t❛❦é tr✉❜♥í r♦③✈♦❞② ✈♦❞②✳ ❏❡❞♥á s❡ ♦ ♦❝❡❧♦✈♦✉
❦♦♥str✉❦❝✐ ✈②s♦❦♦✉ ✷ ♠ ❛ ♣➲❞♦r②s✉ t✈❛r✉ ♦❜❞é❧♥í❦✉ ✶ ♠ ♥❛ ✷ ♠✱ ❦t❡rá ❥❡ ❝❡❧á ♦♣❛t➦❡♥❛ ❦r②❝í P❊
♣❧❛❝❤t♦✉✳ ❱ ♣r♦st♦r✉✱ ❦t❡rý ✈③♥✐❦♥❡ ♦♣❧á➨t➙♥í♠✱ ❥❡ ✉♠íst➙♥á ✈♦❞♦✈♦❞♥í ❜❛t❡r✐❡ ♠ísí❝í t❡♣❧♦✉ ✐ st✉❞❡♥♦✉
✈♦❞✉✱ ❞í❦② ♥í ❥❡ ❧❡❤❦é ③✈♦❧✐t s✐ t❡♣❧♦t✉ ✈♦❞②✳ P♦❞❧❛❤❛ ❥❡ t✈♦➦❡♥❛ ❞➦❡✈➙♥ý♠ r♦➨t❡♠✱ ❦t❡rý ♦❞✈á❞í ♣♦✉➸✐t♦✉
✈♦❞✉✳ ❑♦♥str✉❦❝❡ ❜❡③ ♦♣❧á➨t➙♥í ❥❡ ♥❛ ♦❜rá③❦✉ ✻✳✹✳
❖❜rá③❡❦ ✻✳✹✿ ❑♦♥str✉❦❝❡ s♣r❝❤② s❡ ③ás♦❜♥í ♥á❞r➸í
❑♦♥str✉❦❝❡ ❥❡ t✈♦➦❡♥❛ ③✿
❼ ♦❝❡❧♦✈ý❝❤ ❥❡❦❧➲ ✹✵①✹✵①✸ ♠♠ s✈❛➦❡♥ý❝❤ ❞♦ ❝❡❧é ❦♦♥str✉❦❝❡✱
❼ ♦❝❡❧♦✈ý❝❤ ♣❛t❡❦ ✲ ♣❧❡❝❤ ✷✵✴✷✵ t❧✳ ✶ ♠♠✱ st➦❡❞❡♠ ♥❛✈❛➦❡♥ý ❥❡❦❧ ✸✺①✸✺①✸✱
❼ ♦❝❡❧♦✈é❤♦ ❦r②❝í❤♦ ♣❧❡❝❤✉ ✶✵✵✵✴✷✵✵✵ t❧✳ ✵✱✺ ♠♠✱
❼ ♦❝❡❧♦✈ý❝❤ ú❝❤②t♥ý❝❤ ♦❦✱
❼ ❤❧✐♥í❦♦✈ý❝❤ tr❤❛❝í❝❤ ♥ýt➲ s ✈❡❧❦♦✉ ❤❧❛✈♦✉✱
❼ ③❛✈➙tr♦✈❛❝í❝❤ ❧❛♥ ❛ ❦➲❧➲✳
✷✶
✻✳✸ ❯♠ý✈ár♥❛
❯♠ý✈ár♥❛ s❧♦✉➸í ❦ tá❜♦r♦✈é ❤②❣✐❡♥➙ ❛ ♣r♦t♦ ❥❡ ✉♠íst➙♥❛ ♣♦❜❧í➸ ❥í❞❡❧♥② ✐ ❦✉❝❤②♥➙✳ ❙❛♠♦t♥á ❦♦♥str✉❦❝❡
❥❡ t✈♦➦❡♥❛ ❞➦❡✈➙♥ý♠✐ ❤r❛♥♦❧② ❛ ♠➲➸❡♠❡ ❥✐ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✻✳✺✳ ◆♦s♥ý ♣r✈❡❦ ❥❡ t✈♦➦❡♥ ❞✈♦❥✐tý♠
❳ ♥❛❝❤á③❡❥í❝í♠ s❡ ♥❛ ❦❛➸❞é str❛♥➙ ✉♠ý✈ár♥②✱ ❦t❡rý ❥❡ ♣r♦♣♦❥❡♥ ➨✐❦♠ý♠✐ st❛❜✐❧✐③❛↔♥í♠✐ ♣r✈❦②✳ ❉♦
✈③♥✐❦❧ý❝❤ ♣r♦st♦r ❥s♦✉ ✉♠íst➙♥② ➸❧❛❜②✱ ❦t❡ré s❧♦✉➸í ❦ ♦❞✈❡❞❡♥í ✈♦❞② ❞♦ ♦❞♣❛❞✉✳ ❘♦③✈á❞➙❝í ♣♦tr✉❜í✱
❦t❡ré ♣➦✐✈á❞í ✈♦❞✉ ♥❛ ❥❡❞♥♦t❧✐✈é ✈ýt♦❦♦✈é ❦♦❤♦✉t②✱ ❥❡ ➦❡➨❡♥♦ ♣♦♠♦❝í ♣♦③✐♥❦♦✈❛♥ý❝❤ t✈❛r♦✈❡❦ ❛ tr✉❜❡❦
♦ ♣r➲♠➙r✉ ✶✴✷✑✳ ❘♦③✈á❞➙❝í ♣♦tr✉❜í ❥❡ ♥❛♣♦❥❡♥♦ ♥❛ ③ás♦❜♥í ♥á❞r➸ ♣♦♠♦❝í ③❛❤r❛❞♥í ❤❛❞✐❝❡ ♣r♦✜❧✉ ❉◆
✶✸✳
P♦↔❡t t③✈✳ ✒✈ýt♦❦♦✈ý❝❤ ❦♦❤♦✉t➲✑ ❥❡ st❛♥♦✈❡♥ ❞❧❡ ✈②❤❧á➨❦② ▼✐♥✐st❡rst✈❛ ③❞r❛✈♦t♥✐❝t✈í ✹✷✷✴✷✵✶✸ ❙❜✳
❖ ❤②❣✐❡♥✐❝❦ý❝❤ ♣♦➸❛❞❛✈❝í❝❤ ♥❛ ③♦t❛✈♦✈❛❝í ❛❦❝❡ ♣r♦ ❞➙t✐ t❛❦t♦✿
✒✭✹✮ ◆❛ ③♦t❛✈♦✈❛❝í❝❤ ❛❦❝í❝❤ ♠✉sí ❜ýt ✈②t✈♦➦❡♥② ♣♦❞♠í♥❦② ♣r♦ ♦s♦❜♥í ❤②❣✐❡♥✉✳ ❱ ✉♠ý✈ár♥➙ ♠✉sí
❜ýt ♥❛ ✺ ❞➙tí ❥❡❞♥♦ ✉♠②✈❛❞❧♦ s t❡❦♦✉❝í ✈♦❞♦✉ ❛ ♦❞t♦❦❡♠ ♥❡❜♦ ❥❡❞❡♥ ✈ýt♦❦♦✈ý ❦♦❤♦✉t s ♦❞✈♦❞❡♠ ♣♦✉➸✐té
✈♦❞② ♠✐♠♦ ♠íst♦ ♦s♦❜♥í ♦↔✐st② ❛ ♥❛ ✸✵ ❞➙tí ♥❡❥♠é♥➙ ❥❡❞♥❛ s♣r❝❤♦✈á r➲➸✐❝❡✳ ❙♣r❝❤② ✉➸í✈❛❥í ❞➙t✐ ♦❞❞➙❧❡♥➙
♣♦❞❧❡ ♣♦❤❧❛✈í ❛ ♠✉sí ❜ýt ③❛❥✐➨t➙♥❛ ✐♥t✐♠✐t❛✳ ◆❛ ✈➨❡❝❤ ③♦t❛✈♦✈❛❝í❝❤ ❛❦❝í❝❤ ♠✉sí ❜ýt ③❛❥✐➨t➙♥❛ ♠♦➸♥♦st
❦♦✉♣á♥í ♥❡❜♦ ♦s♣r❝❤♦✈á♥í ✈ t❡♣❧é ✈♦❞➙ ❛❧❡s♣♦➡ ❥❡❞♥♦✉ ③❛ tý❞❡♥✳✑
❖❜rá③❡❦ ✻✳✺✿ ❯♠ý✈ár♥❛
❱ý♣✐s t✈❛r♦✈❡❦ ❛ ❛r♠❛t✉r✿
❼ ✺① ♣♦③✐♥❦♦✈❛♥ý ❦➦í➸ ✶✴✷✑✱
❼ ✶① ♣♦③✐♥❦♦✈❛♥ý ❚✲❦✉s ✶✴✷✑✱
❼ ✻① ♣♦③✐♥❦♦✈❛♥á tr✉❜❦❛ ✶✴✷✑✱ ❞é❧❦❛ ✸✵ ❝♠✱
❼ ✷✹① ♣♦③✐♥❦♦✈❛♥ý ♥átr✉❜❡❦ ✶✴✷✑✱
❼ ✷✹① ♣♦③✐♥❦♦✈❛♥á ✈s✉✈❦❛ ✶✴✷✑✱
❼ ✶✷① ③❛❤r❛❞♥í ❦✉❧♦✈ý ✈❡♥t✐❧ ✶✴✷✑✱
❼ ✶① ♠♦s❛③♥ý ❤❛❞✐↔♥í❦ s ♣➦❡✈❧❡↔♥♦✉ ♠❛t❦♦✉ ✶✴✷✑ ✲ ✶✸ ♠♠✳
➎❧❛❜ ❥❡ r♦③♣➲❧❡♥á P❱❈ ❦❛♥❛❧✐③❛↔♥í r♦✉r❛ ❑●❊▼ ♦ ♣r➲♠➙r✉ ❉◆ ✸✶✺ ❛ ❞é❧❝❡ ✷ ♠✳ ◆❛ ❦♦♥❝í❝❤ ❥❡ ♦♣❛t➦❡♥
③át❦❛♠✐ ♣➲❧❦r✉❤♦✈é❤♦ t✈❛r✉ ③ ✈♦❞♦✈③❞♦r♥é ♣➦❡❦❧✐➸❦②✱ ❦t❡ré ❥s♦✉ ♥❛❧❡♣❡♥② s❛♥✐tár♥í♠ s✐❧✐❦♦♥❡♠✳ ❱ ❥❡❞♥é
③át❝❡ ❥❡ ♦t✈♦r s ❣✉♠♦✈ý♠ t➙s♥➙♥í♠ ♣r♦ ♥❛♣♦❥❡♥í P❱❈ ♦❞♣❛❞♥í r♦✉r② ❉◆ ✺✵✳ ❖❞♣❛❞♥í r♦✉r② ❥s♦✉
s♣♦❥❡♥② ♣♦♠♦❝í P❱❈ ♦❞❜♦↔❦② ✹✺➦ ❞♦ ❥❡❞♥é✳ ❖❞♣❛❞ ❞á❧❡ ✈❡❞❡ ♣r♦✜❧❡♠ ❉◆ ✺✵ ❞♦ ✈s❛❦♦✈❛❝í ❥í♠❦②✳
✷✷
✻✳✹ ❉➦❡③ ✈ ❦✉❝❤②♥✐
❑ r❡❣✉❧❛❝✐ ♣r➲t♦❦✉ st✉❞❡♥é ✈♦❞② ❞♦ ❞➦❡③✉ s❧♦✉➸í ✈♦❞♦✈♦❞♥í ❜❛t❡r✐❡✱ ❦t❡rá ❥❡ ✉♠íst➙♥á ♥❛ ❞➦❡✈➙♥é
t②↔✐✳ ❘♦③✈á❞➙❝í ♣♦tr✉❜í ✭③❛❤r❛❞♥í ❤❛❞✐❝❡ ❉◆ ✶✸✮ ❥❡ ✈❡❞❡♥♦ ③❡ ③ás♦❜♥í ♥á❞r➸❡✱ ♣♦té ❥❡ ✉❧♦➸❡♥♦ ✈ ③❡♠✐
✭✈ ❤❧♦✉❜❝❡ ✶✵ ❝♠✮ ❛ ✉ ❞➦❡③✉ ❥❡ ✈②✈❡❞❡♥♦ ♥❛ ❞➦❡✈➙♥♦✉ t②↔ ❦ ✈♦❞♦✈♦❞♥í ❜❛t❡r✐✐✳ ❑♦♥str✉❦❝❡ ❞➦❡③✉ ❥❡
♦❝❡❧♦✈á ❛ s❦❧á❞á s❡ ③ ♣r♦st♦r✉ ♥❛ ♠②tí ❦✉❝❤②➡s❦é❤♦ ♥á❞♦❜í ❛ ③ ♠íst❛ ✉r↔❡♥é❤♦ ♣r♦ ✉♠ý✈á♥í ❥í❞❡❧♥í❤♦
♥á❞♦❜í✳
Pr♦st♦r② ❥s♦✉ ❞➙❧❡♥② ❞❧❡ ✈②❤❧á➨❦② ▼✐♥✐st❡rst✈❛ ③❞r❛✈♦t♥✐❝t✈í ✹✷✷✴✷✵✶✸ ❙❜✳ ✒✭✸✮ ❩❛➦í③❡♥í✱ ♣r❛❝♦✈♥í
♣❧♦❝❤②✱ ♥ástr♦❥❡ ❛ ♥á❞♦❜í ♠✉sí ❜ýt ❞➲❦❧❛❞♥➙ ♦↔✐➨t➙♥②✱ ❛ ❥❡✲❧✐ t♦ ♥❡③❜②t♥é✱ ❞❡③✐♥✜❦♦✈á♥②✳ ❷✐➨t➙♥í s❡ ♠✉sí
♣r♦✈á❞➙t t❛❦ ↔❛st♦✱ ❛❜② s❡ ✈②❧♦✉↔✐❧♦ r✐③✐❦♦ ❦♦♥t❛♠✐♥❛❝❡ ♣♦tr❛✈✐♥ ♥❡❜♦ ♣♦❦r♠➲✳ ▼✉sí ❜ýt ③❛❥✐➨t➙♥② ♦❞✲
♣♦✈í❞❛❥í❝í ♣♦❞♠í♥❦② ♣r♦ ♠②tí ♣♦tr❛✈✐♥✱ ♥á❞♦❜í ❛ r✉❦♦✉ ♦s♦❜ ✈②❦♦♥á✈❛❥í❝í❝❤ ↔✐♥♥♦st✐ ❡♣✐❞❡♠✐♦❧♦❣✐❝❦②
③á✈❛➸♥é✳ ▼②tí ❦✉❝❤②➡s❦é❤♦ ❛ ❥í❞❡❧♥í❤♦ ♥á❞♦❜í ♠✉sí ❜ýt ♦❞❞➙❧❡♥♦✳✑
✻✳✺ ▲❡❣✐s❧❛t✐✈❛ ♦❞❜➙r✉ ✈♦❞②
❱ ♣➦í♣❛❞➙ ③ás♦❜❡♥í tá❜♦r❛ ✈♦❞♦✉ ♣♦♠♦❝í tr❦❛↔❡ s❡ ♥❡❥❡❞♥á ♦ ♦❜❡❝♥é ✉➸í✈á♥í ✈♦❞ ❞❧❡ ③á❦♦♥❛ ✷✺✹✴✷✵✵✶
❙❜✳ ❛ ♣r♦t♦ ❥❡ t➦❡❜❛ ♣♦✈♦❧❡♥í ❦ ♥❛❦❧á❞á♥í s ♣♦✈r❝❤♦✈ý♠✐ ✈♦❞❛♠✐✳ ❩á❥♠♦✈é ú③❡♠í s❡ ♥❛❝❤á③í ✈ ❦❛t❛str✉
♦❜❝❡ ❍♦r♥í ▲♦❞➙♥✐❝❡✱ ❦t❡rá s♣❛❞á ♣♦❞ ✈♦❞♦♣rá✈♥í ú➦❛❞ ✈❡ ♠➙st➙ ➆t❡r♥❜❡r❦✳ ◆❛ ✐♥t❡r♥❡t♦✈ý❝❤ strá♥❦á❝❤
♠➙st❛ ➆t❡r♥❜❡r❦ ❥❡ ❦❡ st❛➸❡♥í ❢♦r♠✉❧á➦✱ ❦t❡rý s❧♦✉➸í ❥❛❦♦ ➸á❞♦st ♦ ♣♦✈♦❧❡♥í ❦ ♥❛❦❧á❞á♥í s ♣♦✈r❝❤♦✈ý♠✐
♥❡❜♦ ♣♦❞③❡♠♥í♠✐ ✈♦❞❛♠✐ ❬➓ ✽ ♦❞st✳ ✶ ♣ís♠✳ ❛✮✱ ❜✮✱ ❞✮✱ ❡✮ ♥❡❜♦ ❢✮ ✈♦❞♥í❤♦ ③á❦♦♥❛ ✷✺✹✴✷✵✵✶ ❙❜✳❪✳
➎á❞♦st ♦ ♣♦✈♦❧❡♥í s❡stá✈á ③✿
❼ ❋♦r♠✉❧á➦❡✱ ❦t❡rý ❥❡ ❦❡ st❛➸❡♥í ♥❛ strá♥❦á❝❤ ♠➙sts❦é❤♦ ú➦❛❞✉ ✈❡ ➆t❡r♥❜❡r❦✉✿ ✇✇✇✳st❡r♥❜❡r❦✳❡✉
❼ ❙✐t✉❛❝❡ ➨✐r➨í❝❤ ✈③t❛❤➲ ♥❛❦❧á❞á♥í s ✈♦❞❛♠✐ ❛ ❥❡❤♦ ♦❦♦❧í✱ s❝❤é♠❛t✐❝❦② ③❛❦r❡s❧❡♥á ❞♦ ♠❛♣♦✈é❤♦
♣♦❞❦❧❛❞✉ ③♣r❛✈✐❞❧❛ ✈ ♠➙➦ít❦✉ ✶✿✶✵ ✵✵✵ ❛➸ ✶✿✺✵ ✵✵✵✱ ♦❜rá③❡❦ ✻✳✻✳
❖❜rá③❡❦ ✻✳✻✿ ❙✐t✉❛❝❡ ➨✐r➨í❝❤ ✈③t❛❤➲
✷✸
❼ ❑♦♣✐❡ ❦❛t❛strá❧♥í ♠❛♣② ú③❡♠í✱ ❥❡❤♦➸ s❡ ♣♦✈♦❧❡♥í tý❦á✱ ✈↔❡t♥➙ ③❛❦r❡s❧❡♥í ♠íst❛ ♥❛❦❧á❞á♥í
s ✈♦❞❛♠✐✱ ♦❜rá③❡❦ ✻✳✼✳
❼ ❙t❛♥♦✈✐s❦♦ s♣rá✈❝❡ ♣♦✈♦❞í ❦ ♣♦➸❛❞♦✈❛♥é♠✉ ♥❛❦❧á❞á♥í s ✈♦❞❛♠✐✱ ✈↔❡t♥➙ ♦✈➙➦❡♥í ♦r✐❡♥t❛↔♥í ♣♦✲
❧♦❤② ♠íst❛ ♥❛❦❧á❞á♥í s ✈♦❞❛♠✐ ✈ s♦✉➦❛❞♥✐❝í❝❤ ❳✱ ❨ ✉r↔❡♥ý❝❤ ✈ s♦✉➦❛❞♥✐❝♦✈é♠ s②sté♠✉ ❥❡❞♥♦t♥é
tr✐❣♦♥♦♠❡tr✐❝❦é sít➙ ❦❛t❛strá❧♥í ✭❙✲❏❚❙❑✮ ✈ ♥á✈❛③♥♦st✐ ♥❛ ❡✈✐❞❡♥❝✐ ✈♦❞♥í❝❤ t♦❦➲✳
◆❡❥♣r✈❡ ❜②❧♦ ♥✉t♥é ❥♠é♥❡♠ ✶✺✳ s❦❛✉ts❦é❤♦ ♦❞❞í❧✉ P♦✉t♥í❝✐ ❖❧♦♠♦✉❝✱ ❦t❡rý s♣❛❞á ♣♦❞ ✼✳ st➦❡❞✐s❦♦
➎❧✉tý ❦✈ít❡❦ ♣♦➸á❞❛t P♦✈♦❞í ▼♦r❛✈② s✳♣✳ ♦ ♣♦✈♦❧❡♥í ❦ ♦❞❜➙r✉ ♣♦✈r❝❤♦✈é ✈♦❞② ✈ ♥❛ ♣❛r❝❡❧❡ ↔✳ ✼✺✽✳
❉♦ ➸á❞♦st✐ ❜②❧♦ t❛❦é ✉✈❡❞❡♥♦✱ ➸❡ s❡ ✈♦❞❛ ❜✉❞❡ ♣♦✉➸í✈❛t ♣♦✉③❡ ❦ ♣r♦✈♦③✉ s❦❛✉ts❦é❤♦ tá❜♦r❛ ❜➙❤❡♠
❧❡t♥í❝❤ ♣rá③❞♥✐♥ ✭✼ ❛ ✽ ♠➙sí❝✮✳ ❖❜❥❡♠ ↔❡r♣❛♥é ✈♦❞② ❜✉❞❡ ✶✱✸ ♠✸ ③❛ ❞❡♥ ❛ ♠❛①✐♠á❧♥➙ ✽✵ ♠✸ ③❛ r♦❦✳
P♦ ♥ás❧❡❞♥é♠ s♦✉❤❧❛s✉ ♦❞ P▼❖ ❜②❧ ✈②♣❧♥➙♥ ✈ý➨❡ ③♠í♥➙♥ý ❢♦r♠✉❧á➦ ❛ ✈➨❡ ♦❞❡s❧á♥♦ ♥❛ ❖❞❜♦r
➸✐✈♦t♥í❤♦ ♣r♦st➦❡❞í ❞♦ ➆t❡r♥❜❡r❦❛ ❦ ♣♦s♦✉③❡♥í✳ P➦ís❧✉➨♥ý ✈♦❞♦♣rá✈♥í ú➦❛❞ ♥❛♣s❛❧ ✈➨❡♠ s✉❜❥❡❦t➲♠
s♣♦❥❡♥ý♠ s t♦✉t♦ ➸á❞♦stí ❦ ✈②❥á❞➦❡♥í ✭❏✉♥á❦ ✲ ❷❡s❦ý s❦❛✉t✱ st➦❡❞✐s❦♦ ➎❧✉tý ❦✈ít❡❦ ❖❧♦♠♦✉❝✱ ③✳s✳❀
❖❜❡❝♥í ú➦❛❞ ❍♦r♥í ▲♦❞➙♥í❝❡❀ P♦✈♦❞í ▼♦r❛✈②✱ s✳♣✳✮✳
P♦ ❞✈♦✉ ♠➙sí❝í❝❤ ♦❞ ➸á❞♦st✐ ♣➦✐➨❧♦ ♣♦✈♦❧❡♥í ❦ ♥❛❦❧á❞á♥í s ♣♦✈r❝❤♦✈ý♠✐ ✈♦❞❛♠✐ ♣r♦ s❦❛✉ts❦ý tá❜♦r
✈ ❦❛t❛str✉ ❍♦r♥í ▲♦❞➙♥✐❝❡✳
❖❜rá③❡❦ ✻✳✼✿ ❑♦♣✐❡ ❦❛t❛strá❧♥í ♠❛♣②
✷✹
✼ Pr♦✈♦③♥í ③❦✉➨❡♥♦st✐
❆♣❧✐❦❛❝❡ ✈♦❞♥í❝❤ tr❦❛↔➲ ♣r♦❜➙❤❧❛ ♥❛ ✸ tá❜♦r❡❝❤✱ ❦❞❡ s❡ tr❦❛↔❡ ♦❞③❦♦✉➨❡❧② ✈ ♣❧♥é♠ ♣r♦✈♦③✉✳ ❱➨❡❝❤♥②
tá❜♦r② s❡ ♥❛❝❤á③❡❥í ✈ ♦❧♦♠♦✉❝❦é♠ ❦r❛❥✐✳ ❍❧❛✈♥í tá❜♦r✱ ❦❞❡ ❜②❧✐ ❞❡t❛✐❧♥➙ s❧❡❞♦✈á♥② ♣r♦✈♦③♥í ✈❡❧✐↔✐♥②✱ ❜②❧
♣♦❜❧í➸ ✈❡s♥✐❝❡ ❍♦r♥í ❧♦❞➙♥✐❝❡ ✉ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛✱ ❞r✉❤ý tá❜♦r s❡ ♥❛❝❤á③❡❧ ✉ ❱❡❧❦é❤♦ Ú❥❡③❞✉✱ ❦❞❡
♣r♦té❦á ♣♦t♦❦ ❑②❥❛♥❦❛✳ ❚➦❡tí tá❜♦r ❜②❧ ✉ ♦❜❝❡ ❱②s♦❦é ➎✐❜➦✐❞♦✈✐❝❡ ✈ ❜❧í③❦♦st✐ Pr✉❞❦é❤♦ ♣♦t♦❦❛✳ ▲♦❦❛❧✐t②
❥❡❞♥♦t❧✐✈ý❝❤ ✐♥st❛❧❛❝í tr❦❛↔➲ ❥s♦✉ ♥❛ ♦❜rá③❦✉ ✼✳✶✳ P➦❡❞❝❤♦③í♠ ♦r✐❡♥t❛↔♥í♠ ♠➙➦❡♥í♠ s❡ ③❥✐st✐❧♦✱ ➸❡ tr❦❛↔
s ♥❡❥♠❡♥➨í ❞✐♠❡♥③í ✭✸✴✹✑ ♥❛ ✶✴✷✑✮ ♠á ✈❡❧✐❝❡ ♠❛❧é ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞②✱ ❦t❡ré ❜② ♥❡❞♦st❛↔♦✈❛❧♦ ♥❛
③ás♦❜❡♥í ❛♥✐ ❥❡❞♥♦❤♦ ③ ✉✈❡❞❡♥ý❝❤ tá❜♦r➲✱ ❛ t❛❦ ❜②❧ s❡st❛✈❡♥ ❥❡➨t➙ ❥❡❞❡♥ tr❦❛↔ s ♥❡❥✈➙t➨í ❞✐♠❡♥③í ✭✶ ❛
✶✴✹✑ ♥❛ ✶✴✷✑✮✳ ❑♦♥str✉❦❝❡ ❥❡❞♥♦t❧✐✈ý❝❤ tr❦❛↔➲ ❥❡ ♣♦♣s❛♥á ✈ ❦❛♣✐t♦❧❡ ✺✳✷✳
❖❜rá③❡❦ ✼✳✶✿ ▲♦❦❛❧✐t② ❥❡❞♥♦t❧✐✈ý❝❤ ✐♥st❛❧❛❝í tr❦❛↔➲ ❬③❞r♦❥✿ ✇✇✇✳♣♦✈♦❞♥♦✈②♣❧❛♥✳❝③❪
✷✺
✼✳✶ ❚r✉s♦✈✐❝❦ý ♣♦t♦❦
❍❧❛✈♥í♠ tá❜♦r❡♠ ❦❞❡ ♣r♦❜í❤❛❧♦ ✐ ♠➙➦❡♥í ♣r♦✈♦③♥í❝❤ ✈❡❧✐↔✐♥ ❜②❧ tá❜♦r ✉ ❍♦r♥í ❧♦❞➙♥✐❝❡✱ ❦❞❡ s❡ ✈♦❞❛
♦❞❡❜ír❛❧❛ ③ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛✳ ◆❛ t♦♠t♦ tá❜♦➦❡ ❜②❧♦ ➦❡➨❡♥♦ ❝❡❧é ③ás♦❜♦✈á♥í ❛ ❜②❧ ③❞❡ ♦s❛③❡♥ ✐
♥❡❥✈➙t➨í tr❦❛↔✳
Pr✈♥í♠ ♥❡❞♦st❛t❦❡♠ ❜②❧♦ ➨♣❛t♥é ✉♣❡✈♥➙♥í ♥á✈♦❞♥í❤♦ ✜❧tr✉✳ ❋✐❧tr s❡ ✉✈♦❧♥✐❧ ❛ ♥❡↔✐st♦t② s❡ ❞♦st❛❧②
❞♦ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉ ❛ t❡♥ s❡ ♥❡❞♦✈➦❡❧✱ ↔í♠➸ ♥❡✈③♥✐❦❧ ✈♦❞♥í rá③ ❛ ✈♦❞❛ ♣♦✉③❡ ♣r♦té❦❛❧❛ ♣➦❡s ❦❧❛♣❦✉✳
❇②❧♦ ♣♦t➦❡❜❛ ❤♦ r♦③❡❜r❛t ❛ ✈②↔✐st✐t✳ ❉❛❧➨í ♣♦r✉❝❤② s❡ ♦♣❛❦♦✈❛❧② ✈➸❞② ♣♦ ✈➙t➨í❝❤ ❜♦✉➦❦á❝❤✱ ❦❞② s❡ ③✈❡❞❧❛
❤❧❛❞✐♥❛ ♣♦t♦❦❛ ❛➸ ♦ ✷✵ ❝♠✳ P♦r✉❝❤❛ s❡ ♣r♦❥❡✈♦✈❛❧❛ t❛❦✱ ➸❡ s❡ ❦❧❛♣❦❛ ③❛✈➦❡❧❛ ❛ ✉➸ ♥❡♦t❡✈➦❡❧❛✳ ❏❡❧✐❦♦➸
s❡ ❜♦✉➦❦❛♠✐ ③✈ý➨✐❧❛ ✐ s♣á❞♦✈á ✈ý➨❦❛ t❛❦ ❜②❧♦ ✈➸❞② ♣♦t➦❡❜❛ tr❦❛↔ ③♥♦✈✉ ③♣r♦✈♦③♥✐t✱ ❛ t♦ ✈➙t➨✐♥♦✉ ♣♦✉③❡
t❛❦✱ ➸❡ s❡ ♣ár❦rát st❧❛↔✐❧❛ ❦❧❛♣❦❛ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉✳ P♦❦✉❞ ♥❡♣♦♠♦❤❧♦ st❧❛↔✐t ❦❧❛♣❦✉✱ t❛❦ ❜②❧ ✉❝♣á♥
✜❧tr✱ ❥❡❤♦➸ ♦♣r❛✈❛ s♣♦↔í✈❛❧❛ ♣♦✉③❡ ✈ ♦↔✐➨t➙♥í✳ ❘♦③❞í❧ ♠❡③✐ ③❛♥❡s❡♥ý♠ ❛ ↔✐stý♠ ✜❧tr❡♠ ❥❡ ♥❛ ♦❜rá③❦✉
✼✳✷✳ ❉✈❛❦rát t②t♦ ❜♦✉➦❦② t❛❦é ③♥✐↔✐❧② ❤rá③❦✉ ❛ ✈②♣❧❛✈✐❧② ♣➦í✈♦❞♥í ♣♦tr✉❜í✱ ↔í♠➸ s❡ ♣♦tr✉❜í ③❛✈③❞✉➨♥✐❧♦
❛ tr❦❛↔ ❜②❧♦ ♣♦t➦❡❜❛ ♦❞✈③❞✉➨♥✐t ❛ ③♥♦✈✉ ③♣r♦✈♦③♥✐t✳
❖❜rá③❡❦ ✼✳✷✿ ❩❛♥❡s❡♥ý ✜❧tr ✭✈❧❡✈♦✮ ♣r♦t✐ ↔✐sté♠✉ ✜❧tr✉ ✭✈♣r❛✈♦✮
✼✳✷ ❑②❥❛♥❦❛
❉❛❧➨í♠ tá❜♦r❡♠ ❦❞❡ ❜②❧ ♣♦✉➸✐t ❞r✉❤ý tr❦❛↔ s ♥❡❥✈➙t➨í ❞✐♠❡♥③í ❜②❧ tá❜♦r ✉ ❱❡❧❦é❤♦ Ú❥❡③❞✉✳ ❯ tá❜♦r❛
♣r♦té❦á ♠❛❧ý ♣♦t♦❦ s ♥á③✈❡♠ ❑②❥❛♥❦❛✳ ❚r❦❛↔ s❡ ♣♦❞❛➦✐❧♦ ♣➦✐♣♦❥✐t ❞♦ ❥✐➸ stá✈❛❥í❝í ❤rá③❦②✳ ❱♦❞❛ ❜②❧❛
↔❡r♣á♥❛ ❞♦ ③ás♦❜♥í ♥á❞r➸❡ ♦ ♦❜❥❡♠✉ ✷✵✵ ❧✐tr➲✱ ③❡ ❦t❡ré ❜②❧❛ ♣➦✐✈❡❞❡♥❛ ❞♦ ✉♠ý✈ár♥② ❛ s♣r❝❤②✳ ❙②sté♠
③ás♦❜♦✈á♥í ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✼✳✸✳
◆❛♠➙➦❡♥é ↔❡r♣❛♥é ♠♥♦➸st✈í q ③❞❡ ❜②❧♦ ❝❝❛ ✵✱✸✾ ❧✴♠✐♥✱ ❝♦➸ ♦❞♣♦✈í❞á ✺✻✵ ❧ ③❛ ❞❡♥✳ ❩♣➙t♥á ✈❛③❜❛
♦❞ ✈❡❞♦✉❝í❤♦ tá❜♦r❛ ❥❡ t❛❦♦✈á✱ ➸❡ tr❦❛↔ ❢✉♥❣♦✈❛❧ ❜❡③ ❥❛❦ý❝❤❦♦❧✐ ③ás❛❤➲ ❛➸ ❞♦ ♣♦❧♦✈✐♥② sr♣♥❛✱ ❦❞②
♣➦❡st❛❧ ↔❡r♣❛t ✈♦❞✉✳ P➦í↔✐♥♦✉ ♥❡❥s♣í➨ ❜②❧♦ ③❛✈③❞✉➨♥➙♥í✱ ❥❡❧✐❦♦➸ ✈ ❞❡♥ ✈ý♣❛❞❦✉ ❜②❧❛ ✈ ❞❛♥é ❧♦❦❛❧✐t➙
❜♦✉➦❦❛✳
✷✻
❩❧❡✈❛✿ ✈t♦❦♦✈á ↔ást ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í✱ ♦s❛③❡♥í ✈♦❞♥í❤♦ tr❦❛↔❡✱ ③ás♦❜♥í ♥á❞r➸
❖❜rá③❡❦ ✼✳✸✿ ❱♦❞♥í tr❦❛↔ ♥❛ ♣♦t♦❝❡ ❑②❥❛♥❦❛
✼✳✸ Pr✉❞❦ý ♣♦t♦❦
◆❛ t➦❡tí♠ tá❜♦➦❡ ❜②❧ ♦s❛③❡♥ tr❦❛↔ s ❞✐♠❡♥③í ✶✑ ♥❛ ✶✴✷✑✳ ❚á❜♦r s❡ ♥❛❝❤á③í ✉ ♦❜❝❡ ❱②s♦❦é ➎✐❜➦✐❞♦✈✐❝❡✱
❦♦❧❡♠ ❧♦✉❦② ♣r♦té❦á ❤♦rs❦á ❜②st➦✐♥❛ s ♥á③✈❡♠ Pr✉❞❦ý ♣♦t♦❦✳ ❏❡❞♥á s❡ ♦ ❤♦rs❦ý ♣♦t♦❦✱ ♥❛ ❦t❡ré♠ ♥❡♥í
♣r♦❜❧é♠ s❡ s♣á❞♦✈♦✉ ✈ý➨❦♦✉ ❛♥✐ s ↔✐st♦t♦✉ ✈♦❞②✳ P➦í✈♦❞♥í ♣♦tr✉❜í ❜②❧♦ ✉❧♦➸❡♥♦ ♣➦í♠♦ ✈ ❦♦r②t➙ ♣♦t♦❦❛
❛ ↔❡r♣❛♥á ✈♦❞❛ ♥❛té❦❛❧❛ ❞♦ ♠❛❧é❤♦ s✉❞✉ ♦ ♦❜❥❡♠✉ ✶✷✵ ❧ ✭♦❜rá③❡❦ ✼✳✹✮✳ ❱♦❞❛ ❞á❧❡ ③ás♦❜♦✈❛❧❛ ♣♦✉③❡
❞✈❛ ✈ýt♦❦♦✈é ❦♦❤♦✉t② ♥❛ ✉♠ý✈á♥í r✉❦♦✉ ❛ ♥á❞♦❜í✳
❷❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞② q ③❞❡ ❜②❧♦ ❝❝❛ ✶✱✵✺ ❧✴♠✐♥✱ ❝♦➸ ♦❞♣♦✈í❞á ✶✺✵✵ ❧ ③❛ ❞❡♥✳ ◆❛ t♦♠t♦ tá❜♦➦❡
♥❡✈③♥✐❦❧ ➸á❞♥ý ♣r♦❜❧é♠ s ↔❡r♣á♥í♠ ✈♦❞② ③❛ ❝❡❧♦✉ ❞♦❜✉ ♣rá③❞♥✐♥ ✭tr❦❛↔ ❢✉♥❣♦✈❛❧ ❦♦♥t✐♥✉á❧♥➙ té♠➙➦
❞✈❛ ♠➙sí❝❡ ❜❡③ ♣r♦❜❧é♠➲✮✳
❩❧❡✈❛✿ ✈t♦❦♦✈á ↔ást ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í✱ ♦s❛③❡♥í ✈♦❞♥í❤♦ tr❦❛↔❡✱ ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞② ❛ ③ás♦❜♥í ♥á❞r➸
❖❜rá③❡❦ ✼✳✹✿ ❱♦❞♥í tr❦❛↔ ♥❛ Pr✉❞❦é♠ ♣♦t♦❝❡
✷✼
✽ ❱ý♣♦↔t② ❛ ♠➙➦❡♥í
✽✳✶ Pr✈♥í ♦r✐❡♥t❛↔♥í ♠➙➦❡♥í
Pr✈♥í ♠➙➦❡♥í ♣r♦❜➙❤❧♦ t❛❦✱ ➸❡ ❥❛❦♦ ③❞r♦❥ ❤♥❛❝í ✈♦❞② ❜②❧ ♣♦✉➸✐t s✉❞ s ✈♦❞♦✉✱ ♥❛ ♥➙❥➸ ❜②❧ ♣➦✐♣♦❥❡♥
✈♦❞♥í tr❦❛↔✳ Pr✈♥í ♠➙➦❡♥í ❜②❧♦ ♣➦❡❦✈❛♣✉❥í❝í✱ ❥❡❧✐❦♦➸ ♣♦ ③❛♣♦❥❡♥í s❡ tr❦❛↔ ✐❤♥❡❞ r♦③❥❡❧ ❛ ↔❡r♣❛❧ ✈♦❞✉✳
P➦✐ t♦♠t♦ ♠➙➦❡♥í s❡ ♠➙♥✐❧❛ s♣á❞♦✈á ✈ý➨❦❛ ✈♦❞② ❛ ❤♥❛❝í ✈♦❞❛ s❡ ♠✉s❡❧❛ ♥❡✉stá❧❡ ❛ s❧♦➸✐t➙ ❞♦♣❧➡♦✈❛t✳
❩ t➙❝❤t♦ ❞➲✈♦❞➲ ♣r♦❜➙❤❧♦ ❞❛❧➨í✱ s♦✜st✐❦♦✈❛♥➙❥➨í ♠➙➦❡♥í✳
❉r✉❤é ♠➙➦❡♥í ♣r♦❜➙❤❧♦ ♥❛ ✈♦❞♥í♠ st✉♣♥✐ ♥❛ ❚r✉s♦✈✐❝❦é♠ ♣♦t♦❝❡ ♣♦❜❧í➸ ✈❡s♥✐❝❡ ❇➙❧❦♦✈✐❝❡✲▲❛➨➫❛♥②✳
❇②❧② ③❞❡ ♠➙➦❡♥② ✈➨❡❝❤♥② t➦✐ r♦③♠➙r② tr❦❛↔➲ ✭✈✐③ ❦❛♣✐t♦❧❛ ✺✳✷✮✳ ❏❡❧✐❦♦➸ ♠➙➦❡♥í ♣r♦❜í❤❛❧♦ ♥❛ ✈♦❞♥í♠
st✉♣♥✐✱ t❛❦ s♣á❞♦✈á ✈ý➨❦❛ H ❜②❧❛ ♣r❛❦t✐❝❦② ♥❡♠➙♥♥á✱ ❛ t♦ H = 0, 5m✳ ▼➙➦✐❧♦ s❡ ♣♦✉③❡ ✈ýt❧❛↔♥é
♠♥♦➸st✈í q ♣➦✐ r➲③♥ý❝❤ ✈ýt❧❛↔♥ý❝❤ ✈ý➨❦á❝❤ h✳ Pr➲❜➙❤ ♠➙➦❡♥í ❥❡ ③♦❜r❛③❡♥ ♥❛ ♦❜rá③❦✉ ✽✳✷✳ ❩ ✈ýs❧❡❞❦➲
♠➙➦❡♥í ❜②❧ st❛♥♦✈❡♥ ♣r✈♥í ♦r✐❡♥t❛↔♥í ❣r❛❢ ✭♦❜r✳ ✽✳✶✮✳
❖❜rá③❡❦ ✽✳✶✿ ●r❛❢ ↔❡r♣❛♥é❤♦ ♠♥♦➸st✈í ✈♦❞② ✈ ③á✈✐s❧♦st✐ ♥❛ ✈ýt❧❛↔♥é ✈ý➨❝❡ ♣➦✐ s♣á❞♦✈é ✈ý➨❝❡ H = 0, 5m
❉❡t❛✐❧ tr❦❛↔❡ P♦❤❧❡❞ ♥❛ ♦❞❜➙r ❤♥❛❝í ✈♦❞②
❖❜rá③❡❦ ✽✳✷✿ ▼➙➦❡♥í ♥❛ ❚r✉s♦✈✐❝❦é♠ ♣♦t♦❝❡
✷✽
✽✳✷ ❱ý♣♦↔❡t ♣♦t➦❡❜② ✈♦❞②
❩ás♦❜♦✈á♥í ❥❡ ❞✐♠❡♥③♦✈á♥♦ ♥❛ s❦❛✉ts❦ý tá❜♦r ♦ ❦❛♣❛❝✐t➙ ✻✵ ♦s♦❜✳ P➦✐ st❛♥♦✈♦✈á♥í ❥❡❞♥♦t❧✐✈ý❝❤ ❤♦❞♥♦t
♦❞❜➙r➲ ✈♦❞② ❥s❡♠ ✈②❝❤á③❡❧ ♣➦❡❞❡✈➨í♠ ③❡ ③❦✉➨❡♥♦stí ③ ♠✐♥✉❧ý❝❤ ❧❡t✳
❙t❛♥♦✈❡♥é ♥á✈r❤♦✈é ♣❛r❛♠❡tr②✿
❼ ♠②tí r✉❦♦✉✿ ✻ ❧✴♦s✴❞❡♥
❼ ♠②tí ♥á❞♦❜í✿ ✽ ❧✴♦s✴❞❡♥
❼ ↔✐➨t➙♥í ③✉❜➲✿ ✷ ❧✴♦s✴❞❡♥
❼ s♣r❝❤♦✈á♥í✿ ✺ ❧✴♦s✴❞❡♥ ✭♣➦✐ s♣r❝❤♦✈á♥í ❥❡❞♥♦✉ ③❛ ✹ ❞♥②✮
P➦ít♦❦ ✈♦❞② ❞♦ ③ás♦❜♥í ♥á❞r➸❡ ❜✉❞❡ ❞❧❡ ♣➦❡❞❜➙➸♥é❤♦ ♠➙➦❡♥í ✭❦❛♣✐t♦❧❛ ✽✳✶✮ ♣➦✐❜❧✐➸♥➙ ✶✱✵✺ ❧✴♠✐♥✱ ❝♦➸ ❥❡
té♠➙➦ ✶✺✵✵ ❧ ③❛ ❞❡♥✳ P➦ít♦❦ ❜✉❞❡ ③á✈✐s❡t ♥❛ ♦❜❥❡♠✉ ✈♦❞② ✈ ♥á❞r➸✐✱ ❥❡❧✐❦♦➸ s❡ ❜✉❞❡ ③✈②➨♦✈❛t s♣á❞♦✈á
✈ý➨❦❛ ❛ tí♠ s❡ s♥í➸í ✐ ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞②✳ ❷❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞② q s❡ ❜✉❞❡ ♣♦❤②❜♦✈❛t ✈ ③á✈✐s❧♦st✐
♥❛ s♣á❞♦✈é ✈ý➨❝❡ ✭❞❧❡ ❦❛♣✐t♦❧② ✽✳✶✮ ♦❞ ✵✱✾✶ ❧✴♠✐♥ ❞♦ ✶✱✶✾ ❧✴♠✐♥✳ ❚❛❦♦✈ý ♣➦ít♦❦ ❜② ♠➙❧ st❛↔✐t ♥❛
③ás♦❜♦✈á♥í s❦❛✉ts❦é❤♦ tá❜♦r❛✳
❷❡r♣á♥í ❛ ♦❞❜➙r② ✈ ↔❛s❡ ❥s♦✉ ③♦❜r❛③❡♥② ♥❛ ♦❜rá③❦✉ ✽✳✸✱ ③❡ ❦t❡ré❤♦ ✈②❝❤á③í ♣♦➸❛❞❛✈❡❦ ♦❜❥❡♠✉
③ás♦❜♥í ♥á❞r➸❡✳
❖❜rá③❡❦ ✽✳✸✿ ●r❛❢ ♥❛✈r❤♦✈❛♥é❤♦ ♣❧♥➙♥í ❛ ♣rá③❞♥➙♥í ③ás♦❜♥í ♥á❞r➸❡
◆❛ ♦❜rá③❦✉ ✽✳✸ ❧③❡ ✈✐❞➙t✱ ➸❡ ✈♦❞❛ ✈ ③ás♦❜♥í ♥á❞r➸✐ ♣➦✐❜ý✈á✳ ❩ ❣r❛❢✉ ❥❡ t❛❦é ♣❛tr♥é ➸❡ ♠✐♥✐♠á❧♥í
♣♦t➦❡❜♥ý ③ás♦❜♥í ♦❜❥❡♠ ✈♦❞② ❥❡ ✻✵✵ ❧✱ ♣r♦t♦ ❜②❧ ③✈♦❧❡♥ ♦❜❥❡♠ ♥á❞r➸❡ ✶✵✵✵ ❧ ❛ ❜❡③♣❡↔♥♦st♥í ♣➦❡❧✐✈
♥❛st❛✈❡♥ ♣➦✐❜❧✐➸♥➙ ♥❛ ✾✵✵ ❧✳
✷✾
✽✳✸ ▼➙➦❡♥í ♣r♦✈♦③♥í❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ♥❛ tá❜♦➦❡
❇②❧♦ ♣♦t➦❡❜❛ ♦✈➙➦✐t✱ ③❞❛ ❜✉❞❡ tr❦❛↔ st❛↔✐t ❞♦❞á✈❛t ✈♦❞✉ ❛ ♥❡❜✉❞❡ ♣♦t➦❡❜❛ ③✈②➨♦✈❛t s♣á❞♦✈♦✉ ✈ý➨❦✉ ↔✐
❦❛♣❛❝✐t✉ ③ás♦❜♥í ♥á❞r➸❡✱ ❛ t❛❦ ❜②❧♦ ♣r♦✈❡❞❡♥♦ ✉❧tr❛③✈✉❦♦✈é ♠➙➦❡♥í ❤❧❛❞✐♥② ✈ s❛♠♦t♥é ♥á❞r➸✐✳ ❯❧tr❛✲
③✈✉❦♦✈ý s②sté♠ s♣♦↔í✈❛❧ ✈ ♠➙➦❡♥í ♣♦❧♦❤② ❤❧❛❞✐♥② ❦❛➸❞ý❝❤ ✻ ♠✐♥✉t✳ ❯❧tr❛③✈✉❦ s❡ ♦❞r❛③✐❧ ♦❞ ❤❧❛❞✐♥② ❛
③♠➙➦✐❧ s❡ ↔❛s ♦❞r❛③✉✱ t♦t♦ s❡ ♣r♦✈❡❞❧♦ ✈➸❞② t➦✐❦rát ♣♦ s♦❜➙✱ ❛❜② ✈ýs❧❡❞❦② ❜②❧② ❦♦r❡❦t♥í✳ ▼➙➦❡♥í ♣r♦❜í✲
❤❛❧♦ ❦♦♥t✐♥✉á❧♥➙ ♣♦ ❞♦❜✉ ❝❡❧é❤♦ tá❜♦r❛ ✭♦❞ ✷✽✳✻✳✷✵✶✻ ❞♦ ✷✶✳✼✳✷✵✶✻✮✳ ❏❡❞✐♥ý ❞❡❧➨í ✈ý♣❛❞❡❦ ♠➙➦❡♥í ❜②❧
♥❛ ✺ ❞♥í ❛ t♦ ✈ ♦❜❞♦❜í ✺✳ ❛➸ ✾✳✼✳✷✵✶✻✳ ◆❡♥í ❥❛s♥é ↔í♠ ❜②❧ ③♣➲s♦❜❡♥✱ ❥❡❧✐❦♦➸ ✈ýs❧❡❞❦② s❡ ✈②❤♦❞♥♦❝♦✈❛❧②
❛➸ ♣♦ ♥á✈r❛t✉ ③ tá❜♦r❛✳ ❑ s②sté♠✉ ❜②❧♦ t❛❦é ♣➦✐♣♦❥❡♥♦ ↔✐❞❧♦ ✈❡♥❦♦✈♥í ❛ ✈♥✐t➦♥í t❡♣❧♦t②✱ ❦t❡ré ♠➙➦✐❧♦
♣♦✉③❡ ❞♦ ✼✳✼✳✷✵✶✻✳ ❩➦❡❥♠➙ ❜②❧♦ ✈②tr➸❡♥♦ ③❡ ③á❦❧❛❞♥í ❞❡s❦② ♣➦✐ ♥❡♣➦í③♥✐ ♣♦↔❛sí✳
❱ýs❧❡❞❦② ③ ✉❧tr❛③✈✉❦♦✈é❤♦ ↔✐❞❧❛ ❜②❧② ③❦❛❧✐❜r♦✈á♥②✳ P♦ ♣➦❡♥ás♦❜❡♥í ❛ ✈②t✈♦➦❡♥í ✈á➸❡♥é❤♦ ♣r➲♠➙r✉
③ ♠➙➦❡♥ý❝❤ ❤♦❞♥♦t ✈②➨❧② ✈③❞á❧❡♥♦st✐ ♠❡③✐ ↔✐❞❧❡♠ ❛ ❤❧❛❞✐♥♦✉ ✈♦❞②✳ ❚②t♦ ❤♦❞♥♦t② ❜②❧♦ ♥✉t♥é ③❦❛❧✐❜r♦✈❛t
❛ ③❥✐st✐t ③ ♥✐❝❤ ♦❜❥❡♠ ✈♦❞② ✈ ♥á❞r➸✐✳ ❑♦♥❡↔♥é ❤♦❞♥♦t② ❜②❧② ♥ás❧❡❞♥➙ ♣➦❡♥❡s❡♥② s♣♦❧✉ s ↔❛s♦✈♦✉ ♦s♦✉
❞♦ ❣r❛❢✉✱ ❦t❡rý ❥❡ ✉✈❡❞❡♥ ♥❛ ♦❜rá③❦✉ ✽✳✹✳
❖❜rá③❡❦ ✽✳✹✿ ●r❛❢ s❦✉t❡↔♥é❤♦ ♣❧♥➙♥í ❛ ♣rá③❞♥➙♥í ③ás♦❜♥í ♥á❞r➸❡
◆❛ ♣r➲❜➙➸♥é♠ ♠➙➦❡♥í ❧③❡ ✈✐❞➙t ❥❛❦ t❡♣❧♦t❛ ♦❦♦❧♥í❤♦ ✈③❞✉❝❤✉ ♠á ✈❡❧❦é ✈ý❦②✈②✱ ③❛tí♠❝♦ t❡♣❧♦t❛
✈③❞✉❝❤✉ ✈ ③ás♦❜♥í ♥á❞r➸✐ s❡ ♣♦❤②❜✉❥❡ s ♠♥♦❤❡♠ ♠❡♥➨í♠✐ ✈ý❦②✈②✳ ❚❡♥t♦ ❥❡✈ ❥❡ ③❛♣➦í↔✐♥➙♥ t❡♣❧♦t♥í
❛❦✉♠✉❧❛❝í ✈♦❞②✳ ❘♦③s❛❤ t❡♣❧♦t ✈ ♥á❞r➸✐ s❡ ♣♦❤②❜✉❥❡ ♦❞ ✽✱✺➦❈ ❞♦ ✷✺➦❈✳ ❉í❦② t♦♠✉t♦ ❥❡✈✉ ❧③❡ s♥❛❞♥♦
♦✈➙➦✐t ③❞❛ ❜②❧❛ ✈ ♥á❞r➸✐ ✈♦❞❛ ↔✐ ♥❡✱ ♣r♦t♦➸❡ ♣♦❦✉❞ ✈♦❞❛ ✈ ♥á❞r➸✐ ♥❡♥í✱ t❛❦ t❡♣❧♦t❛ ✈③❞✉❝❤✉ ✈ ♥á❞r➸✐
❥❡ r♦✈♥❛ t❡♣❧♦t➙ ♦❦♦❧♥í❤♦ ✈③❞✉❝❤✉✳
❩ ❣r❛❢✉ ♥❛ ♦❜rá③❦✉ ✽✳✹ ❥s♦✉ ♣❛tr♥é ↔❡r♣á♥í ❛ t❛❦é ✈❡❧❦é ♦❞❜➙r② ✈♦❞②✳ ❷❡r♣á♥í ❞❧❡ ✉❧tr❛③✈✉❦♦✈é❤♦
♠➙➦❡♥í ✈②❝❤á③í ♣➦✐❜❧✐➸♥➙ ❦♦❧❡♠ ✵✱✹✼ ❧✴♠✐♥ ❝♦➸ ❥❡ té♠➙➦ ♣♦❧♦✈✐♥❛ ♥❛✈r❤♦✈❛♥é❤♦ ↔❡r♣❛♥é❤♦ ♠♥♦➸st✈í
✈♦❞② ❞♦ ③ás♦❜♥í ♥á❞r➸❡✳ Pr➲♠➙r♥á ❞❡♥♥í s♣♦t➦❡❜❛ ✈♦❞② s♣♦↔t❡♥á ❞❧❡ r♦✈♥✐❝❡ ✭✽✳✶✮ ↔✐♥í ✶✹✱✺ ❧✴♦s✴❞❡♥✳
❩á✈➙r❡♠ ❧③❡ ❦♦♥st❛t♦✈❛t✱ ➸❡ ❜② st❛↔✐❧❛ ✻✵✵ ❧ ③ás♦❜♥í ♥á❞r➸✳
Pr♦ st❛♥♦✈❡♥í ♣r➲♠➙r♥é ❞❡♥♥í s♣♦t➦❡❜② ✈♦❞② ❜②❧ ♣♦✉➸✐t t❡♥t♦ ✈③t❛❤✿





Qout ♠➙➦❡♥á ♣r➲♠➙r♥á ❞❡♥♥í s♣♦t➦❡❜❛ ✈♦❞② ❬❧✴♠✐♥❪✱
qin ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞② ❬❧✴♠✐♥❪✱
∆V r♦③❞í❧ ③ás♦❜♥í❤♦ ♦❜❥❡♠✉ ✈♦❞② ✈ ↔❛s❡ ∆t ❬❧❪✱
∆t ↔❛s✱ ✈❡ ❦t❡ré♠ ♠➙➦í♠❡ r♦③❞í❧ ③ás♦❜♥í❤♦ ♦❜❥❡♠✉ ✈♦❞② ❬♠✐♥❪✳
✸✵
✽✳✹ ▼➙➦❡♥í ♣r➲t♦❦➲ ✈ ❧❛❜♦r❛t♦➦✐
❩ ❞➲✈♦❞➲ ③❥✐➨t➙♥í ú↔✐♥♥♦stí ♣➦✐ r➲③♥é♠ ♣♦♠➙r✉ ✈ýt❧❛↔♥é ✈ý➨❦② ❦✉ s♣á❞♦✈é ✈ý➨❝❡ h/H ❜②❧♦ r❡❛❧✐③♦✈á♥♦
♠➙➦❡♥í ↔❡r♣❛♥é❤♦ ♠♥♦➸st✈í tr❦❛↔❡ ✈❡ ✈♦❞♦❤♦s♣♦❞á➦s❦é ❧❛❜♦r❛t♦➦✐✳ ▼➙r♥á tr❛➫ ❜②❧❛ ✉♠íst➙♥❛ ✈ ❧❛❜♦✲
r❛t♦➦✐ ✈ ❜✉❞♦✈➙ ❋✱ ♣r♦t♦➸❡ s❡ ③❞❡ ♥❛❝❤á③í ✈ý➨❦♦✈➙ st❛✈✐t❡❧♥á ♥á❞r➸✱ ❦t❡rá ♣♦s❧♦✉➸í ❦ r❡❣✉❧❛❝✐ s♣á❞♦✈é
✈ý➨❦②✳ ❚❛❦é ❥❡ t✉ ❞♦st❛t❡↔♥➙ ✈②s♦❦ý str♦♣✱ ♣r♦ ③❦♦✉➨❡♥í r➲③♥ý❝❤ ✈ýt❧❛↔♥ý❝❤ ✈ý➨❡❦✳ ❩ ↔❛s♦✈ý❝❤ ❞➲✈♦❞➲
❜②❧ ♣r♦ ♠➙➦❡♥í ③✈♦❧❡♥ tr❦❛↔ ✶ ✶✴✹✑ ♥❛ ✶✴✷✑✱ ❦t❡rý ❥❡ ♣♦♣sá♥ ✈ ❦❛♣✐t♦❧❡ ✺✳✷✳✸✳ ❚❛t♦ ❦♦♥str✉❦❝❡ ❜②❧❛
♣♦✉➸✐t❛ ✐ ♥❛ ③ás♦❜♦✈á♥í ✈♦❞② ♥❛ s❦❛✉ts❦é♠ tá❜♦➦❡ ✉ ❚r✉s♦✈✐❝❦é❤♦ ♣♦t♦❦❛✳
◆❡❥♣r✈❡ ❜②❧♦ ♣♦t➦❡❜❛ ③❛♥✐✈❡❧♦✈❛t ♣♦❧♦❤✉ t❡♣❛❝í❤♦ ✈❡♥t✐❧✉ ❛ ③ás♦❜♥í ♥á❞r➸❡✱ ❛❜② ❜②❧♦ ♠♦➸♥é ♥❛st❛✈✐t
s♣á❞♦✈♦✉ ✈ý➨❦✉✳ ❩✈♦❧❡♥á sr♦✈♥á✈❛❝í r♦✈✐♥❛ ❜②❧❛ ✵✱✹✼ ♠ ♣♦❞ t❡♣❛❝í♠ ✈❡♥t✐❧❡♠✳ P♦té ❜②❧② t❛❦é ✈②t②↔❡♥②
úr♦✈♥➙ ♥❛ ③ás♦❜♥í ♥á❞r➸✐✱ ♣r♦ ❦t❡ré ❜✉❞❡ r❡❛❧✐③♦✈á♥♦ ♠➙➦❡♥í✳ ❏❛❦♦ ♣♦s❧❡❞♥í ❜②❧♦ ♣♦t➦❡❜❛ ✉r↔✐t ✈ýt❧❛↔♥é
✈ý➨❦②✱ ❦ t♦♠✉ ♣♦s❧♦✉➸✐❧ ➦❡t➙③ ♦❞ ❥❡➦á❜✉✳ ❇②❧❛ ♦③♥❛↔❡♥❛ ♦❦❛ ✈③❞á❧❡♥á ✈➸❞② ✵✱✺ ♠ ♦❞ s❡❜❡✳ P♦s❧❡❞♥í
❞✈➙ ✈ý➨❦② ✭✸✱✺ ❛ ✹ ♠✮ ❜②❧② ✉➸ ♥❛❞ úr♦✈♥í ➦❡t➙③✉ ❛ t✉❞í➸ ❜②❧♦ ♣♦t➦❡❜❛ ♣➦✐♣r❛✈✐t s✈♦r❦② ♣r♦ ✉♠íst➙♥í
✈ýt❧❛↔♥é ❤❛❞✐❝❡✳ ❙✈♦r❦② ❥s♦✉ ♥❛ ♦❜rá③❦✉ ✽✳✺✳
❖❜rá③❡❦ ✽✳✺✿ ❯♠íst➙♥í ✈ýt❧❛↔♥é ❤❛❞✐❝❡
P➦í✈♦❞♥í ♣♦tr✉❜í tr❦❛↔❡ ❜②❧♦ ♣➦✐♣♦❥❡♥♦ ❦ ③ás♦❜♥í ♥á❞r➸✐✱ ♣♦té ✈❡❞❧♦ ♣➦❡s ❤r❛♥✉ ❛➸ ♥❛ ❞♥♦ ➸❧❛❜✉✱ ❦❞❡
❜②❧❛ ♣➦✐♣♦❥❡♥❛ ❦♦♥str✉❦❝❡ ✈♦❞♥í❤♦ tr❦❛↔❡✳ ❑♦♥❡❝ ✈ýt❧❛↔♥é❤♦ ♣♦tr✉❜í✱ ❦t❡ré ♠➙❧♦ ❞é❧❦✉ ✺♠✱ s❡ ✉♠✐s➫♦✈❛❧
✈➸❞② ❞♦ ❥❡❞♥♦t❧✐✈ý❝❤ ✈ý➨❡❦ ❛ t♦ ❜✉↕ ♣➦í♠♦ ♣➦❡s ♦❦♦ ➦❡t➙③✉✱ ♥❡❜♦ ✈ ❤♦r♥í❝❤ ♣♦③✐❝í❝❤ ♣➦❡s s✈♦r❦✉✳ ❈❡❧❦♦✈é
③❛♣♦❥❡♥í tr❦❛↔❡ ✈ ❧❛❜♦r❛t♦➦✐ ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✽✳✻✳
▼➙➦❡♥í ❜②❧♦ r❡❛❧✐③♦✈á♥♦ ✈ r♦③♠❡③í s♣á❞♦✈ý❝❤ ✈ý➨❡❦ ♦❞ ✵✱✸♠ ❞♦ ✵✱✾♠✱ ❛ t♦ ✈➸❞② ♣♦ ✵✱✶♠✳ ❑❛➸❞á
s♣á❞♦✈á ✈ý➨❦❛ ❜②❧❛ ❦♦♠❜✐♥♦✈á♥❛ s❡ ➨❡st✐ ✈ýt❧❛↔♥ý♠✐ ✈ý➨❦❛♠✐ ✭♦❞ ✶✱✵✸♠ ❞♦ ✸✱✺✸♠✮✳ ❙❝❤é♠❛ ③❛♣♦❥❡♥í
❥❡ ♥❛ ♦❜rá③❦✉ ✽✳✼✳ ▼➙➦❡♥② ❜②❧② ❞✈❛ ♣r➲t♦❦②✱ ❛ t♦ ♥❛ ✈ýt♦❦✉ ③ tr❦❛↔❡ Q− q ❛ ♥❛ ✈ýt♦❦✉ ③ ✈ýt❧❛↔♥é❤♦
♣♦tr✉❜í q✳ Pr➲t♦❦② ❜②❧② ♠➙➦❡♥② ♦❜❥❡♠♦✈♦✉ ♠❡t♦❞♦✉✳ ❑❛➸❞é ♠➙➦❡♥í ❜②❧♦ ♣r♦✈❡❞❡♥♦ t➦✐❦rát ❛ ♥ás❧❡❞♥➙
❜②❧ ❛r✐t♠❡t✐❝❦ý♠ ♣r➲♠➙r❡♠ st❛♥♦✈❡♥ st➦❡❞♥í ♣r➲t♦❦✳
✸✶
❏❡➦á❜♦✈á ❞rá❤❛ ❯♠íst➙♥í tr❦❛↔❡ ✈❡ ➸❧❛❜✉ ❩ás♦❜♥í ♥á❞r➸
❖❜rá③❡❦ ✽✳✻✿ ❖s❛③❡♥í tr❦❛↔❡ ✈ ❧❛❜♦r❛t♦➦✐










V (q) ♠➙➦❡♥ý ♦❜❥❡♠ ✈♦❞② ✈②↔❡r♣❛♥é tr❦❛↔❡♠ ③❛ ↔❛s t(q),
V (Q− q) ♦❜❥❡♠ ✈♦❞② ✈②t❡❦❧ý ③ tr❦❛↔❡ ③❛ ↔❛s t(Q− q)✳
❖❜rá③❡❦ ✽✳✼✿ ❙❝❤é♠❛ ③❛♣♦❥❡♥í ✈♦❞♥í❤♦ tr❦❛↔❡ ✈❡ ✈♦❞♦❤♦s♣♦❞á➦s❦é ❧❛❜♦r❛t♦➦✐
✸✷
❚❛❜✉❧❦❛ ✽✳✶✿ ▼➙➦❡♥é ✈❡❧✐↔✐♥② ✈ ❧❛❜♦r❛t♦➦✐
s♣á❞♦✈á ✈ý➨❦❛ ✈ýt❧❛↔♥á ✈ý➨❦❛ ↔❡r♣❛♥é ♠♥♦➸st✈í ♦❞♣❛❞♥í ♣r➲t♦❦ ú↔✐♥♥♦st ♣♦♠➙r②
H0 H h0 h q Q− q η h/H q/Q
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✶✱✶✼ ✵✱✼✵ ✸✱✵✵ ✷✱✺✸ ✵✱✵✸✶✸ ✶✱✽✽ ✵✱✶✻✶✶ ✾✱✻✻ ✵✱✼✵ ✸✱✻ ✵✱✶✻✷
✶✱✷✼ ✵✱✽✵ ✸✱✺✵ ✸✱✵✸ ✵✱✵✸✵✾ ✶✱✽✻ ✵✱✶✻✶✶ ✾✱✻✻ ✵✱✼✸ ✸✱✽ ✵✱✶✻✶
✶✱✷✼ ✵✱✽✵ ✸✱✵✵ ✷✱✺✸ ✵✱✵✸✻✶ ✷✱✶✼ ✵✱✶✺✻✾ ✾✱✹✶ ✵✱✼✸ ✸✱✷ ✵✱✶✽✼
✶✱✸✼ ✵✱✾✵ ✸✱✺✵ ✸✱✵✸ ✵✱✵✸✹✺ ✷✱✵✼ ✵✱✶✺✻✾ ✾✱✹✶ ✵✱✼✹ ✸✱✹ ✵✱✶✽✵
P♦ ♥❛♠➙➦❡♥í ✈➨❡❝❤ ❤♦❞♥♦t ❜②❧② ú❞❛❥❡ ③♣r❛❝♦✈á♥② ❞♦ t❛❜✉❧❦② ✽✳✶✱ ❦❞❡ s❡ ❞♦♣♦↔ít❛❧♦ ↔❡r♣❛♥é ♠♥♦➸✲
st✈í ❞❧❡ r♦✈♥✐❝❡ ✭✽✳✷✮✱ ♦❞♣❛❞♥í ♣r➲t♦❦ ❞❧❡ r♦✈♥✐❝❡ ✭✽✳✸✮ ❛ t❛❦é ú↔✐♥♥♦st✐ ❞❧❡ r♦✈♥✐❝❡ ✭✸✳✶✶✮ ♣r♦ ♣♦♠➙r②
h/H ❛ q/Q✳ ❱②❤♦❞♥♦❝❡♥é ✈ýs❧❡❞❦② ❥s♦✉ ③♣r❛❝♦✈á♥② ✈ ❣r❛❢❡❝❤✳ ●r❛❢ ③á✈✐s❧♦stí ♣♦♠➙r✉ ✈ý➨❡❦ ♥❛ ú↔✐♥✲
♥♦st✐ ❥❡ ✈✐❞➙t ♥❛ ♦❜rá③❦✉ ✽✳✽✱ ❥❡ ③❞❡ ✐ ✐♥t❡r♣♦❧♦✈❛♥á s♣á❞♦✈á ✈ý➨❦❛ H = 0, 42m✱ ❦t❡rá ❜②❧❛ ♣♦✉➸✐❧❛ ♣r♦
③ás♦❜❡♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ♥❛ ❚r✉s♦✈✐❝❦é♠ ♣♦t♦❝❡✳ ●r❛❢✱ ③❡ ❦t❡ré❤♦ ❧③❡ ③❥✐st✐t ↔❡r♣❛♥é ♠♥♦➸st✈í ♣➦✐
❦♦♥❦rét♥í❝❤ s♣á❞♦✈ý❝❤ ✐ ✈ýt❧❛↔♥ý❝❤ ✈ý➨❦á❝❤ ❥❡ ♥❛ ♦❜rá③❦✉ ✽✳✾✳
✸✸
❖❜rá③❡❦ ✽✳✽✿ ●r❛❢ ③á✈✐s❧♦st✐ ♣♦♠➙r✉ ✈ý➨❡❦ ♥❛ ú↔✐♥♥♦st✐
❖❜rá③❡❦ ✽✳✾✿ ●r❛❢ ③á✈✐s❧♦st✐ ♠♥♦➸st✈í ↔❡r♣❛♥é ✈♦❞② ♥❛ ✈ýt❧❛↔♥é ✈ý➨❝❡ ♣➦✐ ❞❛♥ý❝❤ s♣á❞♦✈ý❝❤ ✈ý➨❦á❝❤
❩ ♠➙➦❡♥í ✈ ❧❛❜♦r❛t♦➦✐ ❥s♠❡ ③❥✐st✐❧✐ ➸❡✱ ♥❛♠➙➦❡♥é ❤♦❞♥♦t② ú↔✐♥♥♦stí s❡ ❜❧í➸í ❤♦❞♥♦tá♠ ✉✈❡❞❡♥ý❝❤ ✈ ❧✐✲
t❡r❛t✉➦❡ ❬✻❪✱ ❛❧❡ ❥❡♥ ♣r♦ ♥➙❦t❡ré ♣♦♠➙r② h/H✳ ❚❡♥t♦ ❥❡✈ ✈③♥✐❦á ③ ❞➲✈♦❞✉✱ ➸❡ ♥❛ ❞♦s❛✈❛❞♥í ❦♦♥str✉❦❝✐
tr❦❛↔❡ ♥❡♥í ✉♠♦➸♥➙♥❛ r❡❣✉❧❛❝❡ ❤♠♦t♥♦st✐ ❦❧❛♣❦② ❛ tí♠ ✐ ③✈②➨♦✈á♥í ú↔✐♥♥♦st✐✳ ❏❡❧✐❦♦➸ ♥á♠ ↔❡r♣❛♥é
♠♥♦➸st✈í ✈♦❞② ♣♦st❛↔✉❥❡✱ t❛❦ t✉t♦ ♣r♦❜❧❡♠❛t✐❦✉ ♣r♦ ③ás♦❜♦✈á♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ♥❡♠✉sí♠❡ ➦❡➨✐t✳
❚❛❦é ❜②❧ st❛♥♦✈❡♥ ♣♦♠➙r ✈ý➨❡❦ h/H✱ ♣r♦ ❦t❡rý ✈♦❞♥í tr❦❛↔ ✉➸ ♥❡♣r❛❝✉❥❡✳ ❍♦❞♥♦t❛ ♣♦♠➙r✉ ♣r♦ ♥❡↔✐♥✲
♥♦st s❡ ♣♦❤②❜✉❥❡ ♦❦♦❧♦ h/H = 3✳ ❏❛❦♦ ❞r✉❤ý ✈ýs❧❡❞❡❦ ♠➙➦❡♥í ❜②❧ st❛♥♦✈❡♥ ❣r❛❢ ♣r♦ ❞❛❧➨í ❞✐♠❡♥③♦✈❛♥í
✈♦❞♥í❝❤ tr❦❛↔➲✱ ❦❞❡ st❛↔í ③♥át ✈ý➨❦♦✈é ♣♦♠➙r② ✈ ❞❛♥é ❧♦❦❛❧✐t➙ ❛ tí♠ ❧③❡ ♦❞❡↔íst ↔❡r♣❛♥é ♠♥♦➸st✈í ✈♦❞②✳
✸✹
✾ ❩á✈➙r
❩á✈➙r❡♠ ♠é ❜❛❦❛❧á➦s❦é ♣rá❝❡ ❜②❝❤ ❝❤t➙❧ ➦í❝t✱ ➸❡ ③ás♦❜❡♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ♣r♦❜➙❤❧♦ ✈ ♣♦➦á❞❦✉ ❛
tr❦❛↔ ❢✉♥❣♦✈❛❧ ♥❛❞ ♠é ♦↔❡❦á✈á♥í✳ ❏❡❤♦ ❢✉♥❦↔♥♦st ♣♦ ♠➙sí❝✐ ↔❡r♣á♥í ♥❡❜②❧❛ ♥✐❥❛❦ ♦♠❡③❡♥❛ ❛ t❛❦é ♥❡❜②❧❛
♣♦t➦❡❜❛ ❥❡❤♦ ❥❛❦á❦♦❧✐ ♦♣r❛✈❛✳ ●✉♠♦✈é ❞♦s❡❞❛❝í ♣❧♦❝❤② t❡♣❛❝í ✐ ✈ýt❧❛↔♥é ❦❧❛♣❦② ③➲st❛❧② ♥❡♣♦r✉➨❡♥②
❛ ❞á❧❡ ♣❧♥í s✈♦✉ ❢✉♥❦❝✐✳ ❚❛❦é ❜②❧♦ ③❥✐➨t➙♥♦✱ ➸❡ tr❦❛↔ ♥❡♥í ③❝❡❧❛ ❜❡③♦❜s❧✉➸♥ý ❛ ❥❡ ❞♦❜ré ❤♦ ❥❡❞♥♦✉ ❞❡♥♥➙
❦♦♥tr♦❧♦✈❛t ❛ ♣➦✐ ③❥✐➨t➙♥í ❥❡❤♦ ♥❡❢✉♥❦↔♥♦st✐ ✉❞❛t ♣r✈♥í ✐♠♣✉❧③✱ ❦t❡rý tr❦❛↔ ✈➙t➨✐♥♦✉ r♦③❜➙❤♥❡✳ ❱➸❞② ❥❡
t➦❡❜❛ tr❦❛↔ ③❦♦♥tr♦❧♦✈❛t ♣♦ ❜♦✉➦❝❡✳ ◆❛✈r➸❡♥á ③ás♦❜♥í ♥á❞r➸ ❜②❧❛ ❞♦st❛t❡↔♥➙ ❦❛♣❛❝✐t♥í ❛ t❛❦ ✈❡➨❦❡ré
♦❞❜➙r♥é ♦❜❥❡❦t② ✈ tá❜♦➦❡ ❜②❧② ❞♦st❛t❡↔♥➙ ③ás♦❜❡♥② ✉➸✐t❦♦✈♦✉ ✈♦❞♦✉✳ ❷❧❡♥♦✈é ♦❞❞í❧✉ ❜②❧✐ ✈❡❧✐❝❡ ③✈➙❞❛✈í
❥❛❦ t❡♥t♦ ❞➲♠②s❧♥ý ✈②♥á❧❡③ ❢✉♥❣✉❥❡ ❛ t❛❦é s❡ ❥✐♠ ✈❡❧✐❝❡ ❧í❜✐❧♦ t♦✱ ➸❡ ♥❡♠✉s❡❥í ↔❡r♣❛t ✈♦❞✉ ♣♦♠♦❝í r✉↔♥í❤♦
↔❡r♣❛❞❧❛✳ ❖❞❜♦r ➸✐✈♦t♥í❤♦ ♣r♦st➦❡❞í ✈❡ ♠➙st➙ ➆t❡r♥❜❡r❦✉ ♣♦✈♦❧✐❧ ♦❞❜➙r ✈♦❞② ♣r♦ s❦❛✉ts❦ý tá❜♦r ♥❛ ✺
❧❡t✱ t✉❞í➸ ❞❛❧➨í ♣♦✈♦❧❡♥í s❡ ❜✉❞❡ ➸á❞❛t ❛➸ ✈ r♦❝❡ ✷✵✷✶✳
❯❦á③❛❧♦ s❡✱ ➸❡ ✈♦❞♥í tr❦❛↔ ❥❛❦♦ t❛❦♦✈ý✱ ❥❡ ✈❡❧✐❝❡ ✈❤♦❞♥ý ♣r♦ ③ás♦❜♦✈❛♥í ✈♦❞♦✉ s❦❛✉ts❦ý❝❤ tá❜♦r➲
❛ ❞í❦② st❛♥♦✈❡♥ý♠ ♣r♦✈♦③♥í♠ ❝❤❛r❛❦t❡r✐st✐❦á♠ ✭✈✐③ ♦❜rá③❡❦ ✽✳✾✮ ❜② s❡ ❞❛❧ t❛❦é ♣♦✉➸ít ♥❛ r➲③♥ý❝❤ ♦❞✲
❧❡❤❧ý❝❤ ❧♦❦❛❧✐tá❝❤ ❜❡③ ❡❧❡❦tr✐❝❦é ❡♥❡r❣✐❡✳ Pr♦ ❞❛❧➨í ✈ý③❦✉♠ ❜② ❜②❧♦ ✈❤♦❞♥é ♣♦❦r❛↔♦✈❛t ✈ ❥✐➸ ③❛♣♦↔❛té♠
❧❛❜♦r❛t♦r♥í♠ ♠➙➦❡♥í ♣r♦✈♦③♥í❝❤ ❝❤❛r❛❦t❡r✐st✐❦ ❛ t♦ ♣➦❡✈á➸♥➙ ♥❛ ❞r✉❤é♠ ❛ t➦❡tí♠ tr❦❛↔✐ ✭✶✑ ❛ ✸✴✹✑✮✳
❚♦t♦ ♠➙➦❡♥í ❜② s❡ ❞❛❧♦ ✈②❧❡♣➨✐t ✐ ③✈ý➨❡♥í♠ ✈ýt❧❛↔♥é ✈ý➨❦② ❛ tí♠ ❜②❝❤♦♠ ❞♦st❛❧✐ ✈ýs❧❡❞❦② ♣r♦ ✈②➨➨í
♣♦♠➙r h/H✳ ❚í♠ ❜② ❜②❧② s r❡③❡r✈♦✉ ♣♦❦r②t② ♣♦❞♠í♥❦② ♥❛ ♣r❛❦t✐❝❦② ✈➨❡❝❤ ❧♦❦❛❧✐tá❝❤✱ ❦❞❡ s❡ tá❜♦r②
❦♦♥❛❥í✳ ❚❛❦é ❜② ❜②❧♦ ❞♦❜ré ♦s❛❞✐t ♣✐❡③♦♠❡tr ♣➦❡❞ ✈♦❞♥í tr❦❛↔ ❞♦ ♣➦í✈♦❞♥í ❤❛❞✐❝❡✱ ❛❜②❝❤♦♠ st❛♥♦✈✐❧✐
♣➦❡s♥♦✉ s♣á❞♦✈♦✉ ✈ý➨❦✉ ❜❡③ ③trát t➦❡♥í♠ ♣♦ ❞é❧❝❡✳
❩ ❣r❛❢✉ ③á✈✐s❧♦st✐ ♣♦♠➙r✉ ✈ý➨❡❦ ♥❛ ú↔✐♥♥♦st✐ ✭♦❜rá③❡❦ ✽✳✽✮ ❥❡ ♣❛tr♥é✱ ➸❡ ♥❛♠➙➦❡♥é ❤♦❞♥♦t② ú↔✐♥♥♦stí
s❡ ❜❧í➸í ❦ ✉✈❡❞❡♥ý♠ ❤♦❞♥♦tá♠ ✈ ❞♦st✉♣♥é ❧✐t❡r❛t✉➦❡ ❬✻❪✳ ❉❛❧➨í r♦③✈♦❥ ❜② s❡ ♠♦❤❧ ③❛❜ý✈❛t ♦s❛③❡♥í♠
❛ ♥❛st❛✈❡♥í♠ ③á✈❛➸í ♥❛ t❡♣❛❝í ❦❧❛♣❝❡✱ ❥❡❧✐❦♦➸ ❥❡❥í ❤♠♦t♥♦st ♠á ✈❧✐✈ ♥❛ ú↔✐♥♥♦st tr❦❛↔❡ ❛ ❞♦♠♥í✈á♠
s❡✱ ➸❡ ❜②❝❤♦♠ ♠♦❤❧✐ ❞♦st❛t té♠➙➦ st❡❥♥é ❤♦❞♥♦t② ú↔✐♥♥♦stí ❥❛❦♦ ❥s♦✉ ✉✈❡❞❡♥é ✈ ❧✐t❡r❛t✉➦❡ ❬✻❪✳ P♦❦✉❞
♠á ❦❧❛♣❦❛ ♣➦í❧✐➨ ✈❡❧❦♦✉ ❤♠♦t♥♦st ❛ t❧❛❦ ✈②✈♦❧❛♥ý ✈♦❞♥í♠ s❧♦✉♣❝❡♠ ✭s♣á❞♦✈♦✉ ✈ý➨❦♦✉✮ ❥❡ ♠❛❧ý✱ t❛❦
s❡ ❦❧❛♣❦❛ ♥❡✉③❛✈➦❡✳ ❆❧❡ ♣♦❦✉❞ ❥❡ t❧❛❦ ♣➦í❧✐➨ ✈❡❧❦ý ❛ ❤♠♦t♥♦st ❦❧❛♣❦② ♠❛❧á✱ t❛❦ ❦❧❛♣❦❛ ③➲st❛♥❡ ③❛✈➦❡♥á✳
❱③❤❧❡❞❡♠ ❦ ③❛♠➙➦❡♥í tét♦ ♣rá❝❡ ♥❛ ③ás♦❜❡♥í s❦❛✉ts❦é❤♦ tá❜♦r❛ ♥❡♠➙❧❛ r❡❣✉❧❛❝❡ ❤♠♦t♥♦st✐ s♠②s❧✱ ❥❡❧✐❦♦➸
ú↔✐♥♥♦st tr❦❛↔❡ s ❦❧❛♣❦♦✉ ❜❡③ tét♦ r❡❣✉❧❛❝❡ ③❛❥✐stí ❞♦st❛t❡↔♥ý ♣r➲t♦❦ ♣r♦ ③ás♦❜♦✈á♥í✳
▼➙➦❡♥í s❦✉t❡↔♥é❤♦ ♦❞❜➙r✉ ✈♦❞② ✉❦á③❛❧♦✱ ➸❡ ③ás♦❜♥í ♥á❞r➸ ❥❡ ❞♦st❛t❡↔♥➙ ❦❛♣❛❝✐t♥í ❛ ➸❡ ❜② ♣♦st❛↔✐❧❛
♥á❞r➸ ♦ ♦❜❥❡♠✉ ✻✵✵ ❧✳ ❱ýs❧❡❞❦② ♠➙➦❡♥í ❜②❧② ③♣r❛❝♦✈á♥② ❞♦ ❣r❛❢✉ s❦✉t❡↔♥é❤♦ ♣❧♥➙♥í ✭♦❜rá③❡❦ ✽✳✹✮✱
❦❞❡ ❥❡ ♣❛tr♥ý ♦❞❜➙r ✈♦❞② ♣r♦ tá❜♦r ♦ ❦❛♣❛❝✐t➙ ✻✵ ♦s♦❜✳ ◆❛♠➙➦❡♥á ♣r➲♠➙r♥á ❞❡♥♥í s♣♦t➦❡❜❛ ✈♦❞②
♥❛ ❥❡❞♥♦❤♦ ú↔❛st♥í❦❛ ❥❡ ✶✹✱✺ ❧✴♦s✴❞❡♥✳ Pr♦ ♣➦í➨tí ❞✐♠❡♥③♦✈á♥í ③ás♦❜❡♥í tá❜♦r❛ t❡♥t♦ ❣r❛❢ ♣♦s❧♦✉➸í
❞♦st❛t❡↔♥➙✳
❱ ♣r➲❜➙❤✉ tá❜♦r❛ ♥❛st❛❧♦ ♣ár ❝❤②❜✱ ❦t❡ré ❥❡ ♣♦t➦❡❜❛ ❞♦ ♣➦í➨t➙ ♦♣r❛✈✐t✱ ❛❜② ↔❡r♣á♥í ❜②❧♦ ♥❡♣➦❡tr➸✐té
❛ ✈♦❞❛ ✈ ③ás♦❜♥í ♥á❞r➸✐ s❡ ♥❡✉stá❧❡ ♦❜♠➙➡♦✈❛❧❛✳ ❍❧❛✈♥í ♣r♦❜❧é♠② ❜②❧② s♣♦❥❡♥é s ♣r♦♠➙♥❧✐✈ý♠ ♣♦↔❛sí♠
❛ t♦ ③❡❥♠é♥❛ ③❛♥á➨❡♥í ✜❧tr✉✱ ✈②♣❧❛✈❡♥í ♣➦í✈♦❞♥í❤♦ ♣♦tr✉❜í ❛ t❛❦é ♣r♦♠➙♥❧✐✈á s♣á❞♦✈á ✈ý➨❦❛✳ ❙♣á❞♦✈á
✈ý➨❦❛ s❡ ♠➙♥✐❧❛ ③ ❞➲✈♦❞✉ ❦♦❧ísá♥í ❤❧❛❞✐♥② ✈ ♣♦t♦❝❡✳ ❇②❧♦ ❜② ✈❤♦❞♥é ❥✐ st❛❜✐❧✐③♦✈❛t✱ ❛❜② ❜②❧❛ ③❛❥✐➨t➙♥❛
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